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ABSTRACT

A series of hybrid fluorochemicals of general structure R IR2R3CR4 1 was

prepared where the Ri, s (i=1,2,3) is a saturated fluoroalkyl grouP of formula

CnF2n+1 , and R4 is an alkyl group CnH2n+1 or a related moiety containing

amino, ether or ester functions but no CF bonds. Such compounds, except for a

few isolated examples, have been unknown and none have been tested for tox-

icity or their physical properties systematically studied. We proposed that

compounds of this class containing approximately eight to twenty carbons total

would have physical properties suitable for use as the oxygen carrying phase

of fluorochemical emulsion artificial blood, and that there was reason to hope

for low toxicity. The program included the chemical synthesis, and physical

and biological testing of pure single isomers of the proposed artificial blood

candidate compounds.

Results of the work include: (a) the successful synthesis of several

candidate compounds, i.e., compounds with acceptable physical properties; (b)

preliminary toxicity results indicating that at least two of these are non-

toxic, contrary to the previous belief that significant hydrogen content

necessitates toxicity; and (c) the development of a method for predicting

vapor pressure and oxygen solubility from chemical structure alone, to guide

the synthetic efforts in the most fruitful direction. Much of the effort was

devoted to synthesis of chemical intermediates and development of testing

methodology.
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SECTION I

INTRODUCTION

This report contains the results from the second year's work on Synthesis

and Biological Screening of Novel Hybrid Fluorocarbon Hydrocarbon Compounds

for Use as Artificial Blood Substitutes and summarizes and draws conclusions

about the results of both years of the contract.

Previous work in this field relied entirely on perfluorinated organic

materials, (in which all hydrogen has been replaced by fluorine) because of

the high toxicity observed for the few partially fluorinated materials which

had been tested. We had proposed that the separation of perfluoroalkyl

groups, viz. R f (CnF2n+l ), and a hydrogen-containing group R by a quaternary

carbon would eliminate or greatly reduce the toxicity hitherto associated with

hydrogen and fluorine in the same molecule. Only a very few examples of the

proposed class of hybrid fluorochemicals were known; none had been tested for

biological properties, and none of the known ones appeared to have vapor

pressures in the required range. The objective of our research was to demon-

strate that the proposed hybrid compounds could in fact be synthesized, that

they would be non-toxic, and that they would have physical properties, es-

pecially vapor pressures and oxygen solubilities, suitable for application in

artificial blood.

A further hypothesis was that the toxicity of the new compounds could be

evaluated via intraperitoneal testing in mice, avoiding the necessity of

preparing adequately stable, fine-particle emulsions for intravenous adminis-

tration. The literature contained indications that some materials were "toxic"

when administeted intravenously as coarse emulsions but "nontoxic" as fine

emulsions, and the necessity of measuring the particle size distributions in

each emulsion appeared to add greatly to the time and cost of biological

testing.

In the realm of chemical synthesis, we clearly demonstrated that a sub-

stantial variety of the proposed "hybrid" fluorochemicals could be prepared

and did possess acceptable physical properties. Though time did not permit a
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careful study of initially unpromising synthetic reactions, indications were

that alkylation of the intermediate carbanions is successful only when the

carbanion is relatively unhindered. Thus, a series of hybrid alkanes and

ethers derived from octafluoroisobutene (1) and F-2-metnyl-2-pentene (II) were

:	 both prepared in good yield, but no similar hybrid compounds could be prepared

from the mixed trimers of hexafluoropropene (111).

/	 -
CF = C CF  + F	 (CF3 3C)

2	 \ CF 

I

-
CF3CF2CF = C	 CF  + F —♦► CF3CF2CF2 (CF 3)2C

CF 
II

CF 	 CF(CF )	 _
CF3--,

 C = C C	
3 2 + [(CF3 ) 2CF] 2C=CFCF3 + F —+r-► C2F5 [ 

(CF 3)2CF]2C-

3	 25

III

Because of the vital importance of emulsion technology to this program,

work at JPL and the Rockwell Science Center was done to give a preliminary

physical-chemical interpretation of the interactions of surfactants with

fluorocarbons to provide a future basis for developing quantitative criteria

for emulsion stability.

During this effort, computational procedures were developed to calculate

the oxygen solubility and vapor pressure of candidate hybrid materials from

just the structural chemical formulas. This allowed screening compounds

before they were synthesized, so that they would come close to meeting the

oxygen solubility and vapor pressure criteria, i.e., oxygen solubility of 35

cc or more foe 100 cc of material and a vapor pressure below 50 mm at 37°C.

From solution theory concepts it is estimated that the maximum oxyger solu-

bility will not be more than about 63 cc 0,,/100 cc for any organic liquid with

a vapor pressure < 50 mm. Copies of papers addressing this subject are in-

cluded in Appendixes B and C.
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This study demonstrates that the proposed intraperitoneal route of admin-

istration does in fact lead to rapid body absorption of fluorochemicals with

molecular weights up to 666, provided that the fluorochemicals are admin-

istered as coarse emulsions rather than as neat liquids. When so adminis-

tered, the fluorochemicals are rapidly absorbed and taken up by the liver and

spleen, much like the absorption pattern previously found for intravenous

administration. Subsequent elimination from the initial depots via expiration

also appears very similar to previous observations based on intravenous admin-

istration, based on the limited data on excretion rate. The intraperitoneal

test protocol now appears to be the method of choice for preliminary in vivo

toxicity screening of new fluorochemicals.

On the key point of toxicity of the proposed hybrid fluorochemicals, the

project has been a qualified success: out of the thirty-odd candidate com-

pounds synthesized to date, three were found to be nontoxic in the mouse

screen. Several others were nontoxic or of very low toxicity in a tissue

culture test performed by Dr. R. P. Geyer, but failed in the mouse screen.

The nontoxic compounds and examples of toxic ones are

(CF 3 ) 3C(CH2 ) nC(CF3 ) 3 ; n = 2, AB - 14;	 n = 3, AB - 6

CF3CF2CF2 (CF 3 ) 2CCH2CH2C(CF3 ) 2CF2CF2CF39	AB - 32

Toxic:

rapidly toxic	 (CF 3)3COH

CF3CF2CF2 (CF 3)2COH

(CF 3 ) 3CCH2Co2C2H5 ; CF3CF2CF2 (CF 3)2CCH2CO2C2H5

Slowly toxic:

CF3CF2CF2 (CF 3)2C-OR

CF3CF2CF2 (CF 3)2C

R = CnH2n+l ;	 n = 1 - 4

Although the scope of this work did not include a search for possible

metabolites, the pattern of toxicity suggests that AB-6, AB-14, and AB-32 all

resist metabolic attack because the carbon-hydrogen bonds of the alkyl moiety

are well-shielded by bulky perfluoroalkyl groups at both ends, whereas the

toxic examples are either already in an oxidized state (the alcohol and es-

r
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ters) or else possess a hydrocarbon chain relatively exposed to enzymatic

attack. The hope that compounds such as (CF 3 ) 3CCH2CO2C2H5 might be nontoxic

was initially based on reports that similar hydrocarbon acids, such as

(CH 3 ) 3000OH, are not metabolized and are excreted unchanged, but in fact the

high doses required for artificial blood applications may make comparisons

with all such previous work invalid. A summary of salient results and the

physical and biological properties of the three candidate blood substitute

compounds AB-6, AB-14, and AB-32 follows.
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SECTION II

TEST AND EVALUATION SUMMARIES FOR THREE BEST COMPOUNDS

A.	 INTRODUCTION

The three nontoxic compounds synthesized under this program were: AB-G,

AB-14, and AB-32. To summarize, these three nontoxic compounds, considered as

candidates for further testing, were found co have been readily absorbed from

the peritoneum; they produced no gross longterm toxicity; they showed moderate

histopathological changes, in most tissues, but usually marked changes in the

spleen; and they were eliminated from the body at reasonable rates. Oaly

limited pharmacokinetics could be done on these three FCCs due to the small

amounts of available compounds. These three FCCs, along with JPL-AB-13,

deserve further detailed investigation with continuation of pharmacok.netic

studies and eventual exchange transfusions in rats.

On April 13, 1978, at Atlantic City, New Jersey, a group of representa-

tives from the current fluorocarbon project met to discass the best candidate

compounds for continued production in a new initiative. Several members of

the group felt that they were not ready at this time to declare specific

compounds. Rather, time was spent in developing a list of criteria by which

the best compounds would be judged. These criteria are as follows:

1. Oxygen solubility.

Oxygen solubility should be in the range of 35 to 50 volume percent.

2. Toxicity.

Toxicity should be judged by tissue culture and animal injection of the

unmodified material (animal injection would be intraperitoneal). Intravenous

replacement studies, in the form of an emulsion, may be done, but rigorous

data with this type of testing would not be required.

3. Dwell time.

No quantitative measures were agreed upon, but it was thought that a

minimal residual amount should be present after one year.

4. The compound should not be metabolized.

S.	 Emulsion stability.

a. Use of a nontoxic stabilizer should be possible.

b. The material should form a nontoxic emulsion when given intra-

venously.
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C. The emulsion should be stable on the shelf for one to two months and

for a short period of time (several hours) when mixed with physi,logical

solutions.

6. Vapor pressure.

The vapor pressure of the compound should be of such a value that it does

not interfere with the respiratory function of the recipient.

7. The compound must have been successfully synthesized and large-scale

production should be practical.

B. CANDIDATE HYBRID FLUOROCARBON ARTIFICAL BLOOD COMPOUND	 JPL-AB-6

1,3-bisiNONAFLUORO-t-BUTYL)PROPANEI

(CF3)3C-(CH2)3-C(CF3)3

C
11 6 18
H F	 (MW = 480.13)

Glass-like prism from aethanol

Melting point 32 0 C

SUMMARY 

1. Oxygen Solubility

Calculated:	 36.7 cm  0 2 /100 cm  of JPL -AB-6 at 25° C

Found:	 35.8 cm  02/100 cm  of JPL -AB-6 at 25° C

2. Toxicity

a. Tissue Culture.	 Studies by Professor Geyer at Harvard Medical

School indicate that JPL-AB-6 was nontoxic in his tissue culture method.

b. Animal Studies. Following UBTL's Mouse Toxicity Test Protocol (see

Appendix A), three mice were injected i.p. (intraperitoneally) with JPL-AB-6

emulsion (100 ml of 20% v/v emulsion/kg of animal weight) and showed no immedi-

ate effects that differed from the controls. One mouse was sacrificed at 24

hours for Absorption Verification Studies (AVS) and prepared for histopath-

ology studies. Peritoneal recovery of FC from this mouse was 27%; histop3th-

ology studies showed essentially normal tissue patterns with only mild conges-

tion. (The other two mice survived for one week and were then lost through a

technician error.)

-	 1 The IUPAC name is 2,2,6,6 - tetrakis(trifluoromethyl) 1,1,1,7,7,7-hexa-

fluoroheptane.

2 Data presented in the format suggested by NIH/NHLBI memo April 14, 1978

per meeting Atlantic City 4-15-78.
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With these screening results, JPL-AB-6 was considered to be a promising

candidate and following resynthesis, three more mice were studied. Again, one

mouse was sacrificed at 24 hours for absorption verification and peritoneal

wash. The other two mice were used for the two week Mouse Toxicity Study and

survived without significant distress. One of these mice was sacrificed for

histopathology studies which showed a "toxic" effect upon the liver with

swollen vacuolated liver cord cells and clumped chromatin. The spleen showed

focal areas of histiocyte response. The overall impression was that these

changes were related to phagocytosis and the clearing mechanism of the body.

Fluoride ion was 2 to 3 ppm for the neat and 4 to 6 ppm for the sonicated

emulsion.

In this study good stability was observed in the JPL-AB-6 material from

the limited data available (see Table 2-1).

3.	 Dwell Time

Further resynthesis of JPL-AB-6 yielded 15.3 grams of JPL-AB-6 for more

complete testing in a larger group of mice. A summary of the mice dosed with

this FC (fluorochemical) is shown in Table 2-1, and a description of the table

follows.

Three mice were injected intraperitoneally with the emulsion for the 24

hours Absorption Verification Study. These lived, but were sacrificed at 24

hours for G. C. assay of the peritoneal wash. Table 2-2 indicates that

(through recovery) approximately 95% of the fluorocarbon was absorbed in 24

hours. This fast rate of absorption ensures that the mouse is exposed to the

full dose physiologically.

Five mice were injected intraperitoneally with the emulsion for the two

week Mouse Toxicity Screen (MTS). One mouse died on the second day, quiet and

sick. The other four remained alive and well along with the controls and were

sacrificed at two weeks according to the two-week Mouse Toxicity Screening

Protocol. Two mice were preserved for a histopathology examination after

their peritoneal wash. Recovery of JPL-AB-6 residues from the peritoneal

washes and selected organ tissues of the remaining mice are shown in Table

2-3.

These data indicate that essentially all of the fluorocarbon has been

absorbed and that approximately 80% of it has been eliminated from the body

during the 14 days post-injection. This fluorocarbon compound appears to be

similar to the FC-47 (perfluorotri.butylamine) in its initial distribution with

r^

I°
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the spleen and liver scavenging most of the emulsion. These data are very

encouraging because they indicate a reasonable rate of excretion of the com-

pound. Its duration (in mice) is long enough to be effective as a blood

replacement component, yet it appears to be excreted from the body in a rea-

sonable period of time.

4. Metabolized Forms of JPL-Ali-6

No metabolized form has been observed to date; further work should be

done in this topic area.

5. Emulsion Stability

This compound exhibits relative stabiity as an emulsified system suitable

for intraperitoneal injection. Pleuronic F-68 is apparently an adequate

stabilizer exhibiting no obvious serious toxic effects. However, in-depth

emulsification studies remain to be (lone and will become important when blood

replacement studies are to be considered.

h.	 Shelf-Life Studies

Duran; the screening studies done in the first year, a trend was noted

with some compounds that suggested the possibility that some new FCs may

become more toxic with aging. This was based on the observation that some

severe reactions occurred in mice injected several clays later with a given FC

when compared to those initial, dosed.

'fable 2-1 shows that mice were still alive at about 1 month following the

intra-peritoneal injection of both "aged" emulsion and "aged" neat. The neat

was emulsified for injection after aging; in that form.

One tractor to consider with this series of JPL-Al,-b compared to last

year's as that the FC was more carefully purified before testing.

The emulsion was aged for .abc • .t 2 weeks :and the neat for 4 weeks at 37'C'

intermittently exposed to room air.

7.	 Vapor Pressure

'rhe measured vapor pressure of solid .IPL-AB-0 is 2.0 nun HK at 30°C. The

vapor pressure calculated for liquid AR -b at 30° is 4.8 nun lig. The equations

used to predict v:apo; pressure are valid oily for liquids and the discrepancy

is in tilt, correct direction.

Y
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Table 2-2. Summary of Nice Dosed with New FCCs

Time	 ive TO- ow-Up go. o
FCC	 Injection Form	 Dose Post-Injection Studies Nice

JPL-AB-15
Emulsion 30 g/kg Sacrificed-24 hours Histopath (?) 1

4 hours ---- 2
Neat 30 g/kg 4-6 days ---- 2

Sacrificed-5 weeks ---- 1
Reduced Dose 3 g/kg 22 hours ---- 3

Emulsion
0.3 g/kg 4 days ---- 1

Alive - 1 month ---- 2

(All controls alive and well)

JPL-AB-16
Emulsion 30 g/kg 2-3 days ---- 3

Sacrificed-24 hours Perit. Wash, 6
Tissue Levels,
Histopath

Neat 30 g/kg Sacrificed-24 hours Perit. Wash, 3
Tissue Levels,

Histopath
Sacrificed-3 weeks Perit. Wash, 3

= Tissue Levels,
Histopath

Reduced Dose 3 g/kg 2 days	 ---- 3
Emulsion

0.3 g/kg 25 days	 ---- 1
Alive - 1 month	 ---- 2

(All controls alive and well)

JPL-AB-20
Emulsion 30 g/kg 4-20 hours	 ---- 3
Neat 30 g/kg 2 days	 ---- 1

(All controls alive and well)

JPL-AB-21
Emulsion 30 g/kg 21 hours	 ---- 3
Neat 30 g/kg 1-1/2 days	 ---- 3

(All controls alive and well)
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Table 2-3. 24-hour Absorption of AB-6

Mouse Number	 Amount Recovered I.P.	 % of Injected

125 29.79 mg 3.9%

126 25.41 mg 3.4%

127 51.45 mg 6.3%

Table 2-3. Tissue Content of AB-6 After 14 days

Average Average
Tissue mg/g tissue mg/ organ % of Injected

Peritoneum --- 3.0 0.4

Liver 27.5 60.0 7.5

Brain 0.05 0.02 0

Blood
**

2.2 5.4 (estimated) 0.7

Spleen 87.9 76.8 9.2

Remainder of Body 1.7 38.9 4.7
(inc. Blood)

TOTAL 178.7 21.8

Average of 4 mice. The remainder of the tissue averages were done
on 2 mice.

Figures shown for 'Blood" are also included in "Remainder of Body"
and are not repeated as part of the "Total."
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8.	 Synthesis

The synthesis of JPL-AB-6 is a two-step process as follows:

(1) CF3CF=CF2	_ 7_50.0	
(CF3)2C=CF2

(2) 2(CF3 ) 2C=CF2 + ICH2CH2CH2I KF s
DMF

at RT

(CF 3)3CCH2CH2CH2C(CF3)3

The experimental details can be found in the first annual report (JPL Document

77-80).

C. CANDIDATE HYBRID FLUOROCARBON ARTIFICIAL BLOOD COMPOUND 	 JPL-AB-14

1,2-Bis(F-t-butyl)ethane1

(CF 3 ) 3C CH2CH2
 (CF 3)3

C10H4F18 
(MW = 466.11)

Granular white solid from methanol

Melting Point 60 to 61*C

SUMMARY

1.	 Oxygen Solubility

Calculated 40.2 cm3/100 cm  of JPL-AB-14 at 25°C

The	 IUPAC name is 2,2,5,5,-tetrakis(trifluoromethyl)-1,1,1,6,6,6,-hexa-

fluorohexane.

2-8
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2.	 Toxicity

a. JPL AB-14. Two mice were injected intraperitoneally for the 24-hour

Absorption Verification Study. The mice lived and were sacrified at

the end of 24 hours. The spleen was very large, approximately two

times normal size, and was whitish in color. The peritoneal recovery study

indicated 7% remaining after 24 hours. Organ tissues were assayed for FCC

levels in one mouse and the other underwent histopathological studies.

Because of the encouraging results of the Absorption Verification Study,

two more mice were injected for the two-week Mouse Toxicity Screening. These

mice were sacrificed at the end of the two-week period and FCC assays were

done on peritoneal washes and tissues. All three had peritoneal washes per-

formed, but only two were assayed for tissue levels, and the third was re-

served for histopathological studies.

Pathology studies showed gross enlargement of the liver and especially

the spleen at 24 hours and at 14 days. The spleen exhibited a gray-white

cast. Histopathology studies on the 24-hour mouse showed "lipid-laden" macro-

phages in the spleen and other minor changes, but these changes are not as

marked as seen in other test animals. Tissues from other organs showed only

minimal changes. In the two-week mouse, lipid-laden macrophages were seen in

the liver and spleen with fairly marked tissue reaction (swollen cells)

throughout all other tissues examined.

b. Status. This FCC appears to be similar to JPL-AB-b, a promising

compound studied in the first year. It is recovered for further study and

more complete evaluation.

	

3.	 Dwell time

The FCC assay levels are shown in Table 2-1 and indicate that the FCC was

readily absorbed from the peritoneum (93% in 24 hours and 99.5% in 14 days),

that high concentrations are observed in the liver and spleen at 24 hours,

that these concentrations in the liver and spleen drop by about one-half in 4

days, and that the FCC is about 50% eliminated at the end of 24 hours. We

must emphasize, however, that Table 2 data was obtained from individual ani-

mals in some cases and an average of 2 or 3 animals at most. This accounts for

some discrepancies in specific comparisons, yet the general trends are similar

for all three FCCS.
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4. Metabolized Form of JPL-AB-14

No metabolized form has been observed to date; further work should be

done in this topic area.

5. Emulsion Stability

This compound exhibits relative stability as an emulsified system suit-

able for intraperitoneal injection. Pleuronic F-68 is apparently an adequate

stabilizer exhibiting no obvious serious toxic effects. However, indepth

emulsification studies remain to be done and will become important when blood

replacement studies are to be considered.

6. Vapor Pressure

The calculated vapor pressure is about 13.9 mm. This value is well below

the 40 to 50 mm upper limit suggested by Geyer and Clark.

7. Synthesis

The synthesis of JPL-AB-14 is a four-step process as follows:

(1) CF3CF=CF2	 7500 -. (CF 3)2C=CF2

0	 0
	11 	 KF

(2) (CF 3)2C=CF2	 +	 BrCH20002H5	 --^(CF 3)3CCH2O002H5

DMF at

RT

	

0	 0
(3) (CF 3)3CCH2O002H5 

NaOH_-► (CF 3)3CCH2COH

McOH, then HC1

McOH-NaOCH3

(4) (CF 3 ) 3CCH2O00H - 2 e -	 (CF 3)3CCH2CH2C(CF3)3

(Kolbe oxidation)

A
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D. CANDIDATE HYBRID FLUOROCARBON ARTIFICIAL BLOOD COMPOUND
	

JPL-AB-32

4,4,7,7-tetrakie(trifluorowthyl)-1,1,1,2,2,3,3,8,8,9,9,-10,10,10-

tetradecafluorodecane or

S-H,S-H,6-H-perfluoro-4,4,7,7-tetramthyldecane

CF
3 2 2C( 3 ) 2CH2CH2C(CF3)2CF2CF2CF3

C14H4F26 (MW ' 666.17)

Oily Liquid

SUMMARY

1. Oxygen Solubility

r	Calculated 36.3 cm3 02/100 cm of JPL-AB-32

2. Toxicity

a. JPL-AB-32. Two slice survived the 24-hour AVS study. One mouse was

sacrificed for histopathological studies and one for FCC tissue assay. Two

additional mice survived the two-week MTS study and were sacrificed for histo-

pathological and tissue assay studies. The histopathological studies are

pending.

b. Status. This FCC is similar to JPL-AB-6 and -14 and classified as

a promising compound.

3.	 Dwell Time

Table 2-1 shows the FCC levels for this FCC. The data generally para-

llels that seen with JPL-AB-14. The FCC was readily absorbed and there were

rather high concentrations in the spleen (liver moderate) at 24 hours dropping

to about half in these organs in 14 days. About 74% of the total FCC injected

was eliminated in 24 hours and 86% in 14 days. Of note is the relatively high

concentrations in the blood at 24 hours, with a drop to zero at 14 days.

This data, like that for JPL-AB-6 and -14, was obtained from single

animals in some cases and the statistical validity is thus impaired. However,

the trends are similar for all three FCCs.

4. Metabolized Forms of JPL-AB-32

None have been observed to date; further work should be done.
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S. Emulsion Stability

This compound exhibits relative stability as an emulsified system suit-

able for intraperitoneal injection. Pluronic F-68 is apparently an adequate

stabiliser exhibiting no obvious serious toxic effects. However, indepth

emulsification studies remain to be done and will become important when blood

replacement studies are to be considered.

6. Vapor Pressure

The calculated vapor pressure is 1.4 mm. This is well below the 40 to

Saw upper limit suggested by Geyer and Clark.

7. Synthesis

The synthesis of JPL-AB-32 is a three step process as follows:

(1) (CF3 ) 2C=:FCF2CF3 + BrCH2CO2C2H5 DMA 	 CF3CF2CF2C(CF3)2CH2CO2C2H5

(1) KOH, ETON

(2) CF3CF2CF2C(CF3) 2CH2CO2C2H5 0 CF3CF2CF2C(CF3)2CH2CO2H

(2) HCl

(3) 2CF3CF2CF2C(CF3)2CH2COOH	
K^ 

a
	

[CF 3CF2CFlC(CF3)2CH2-j2

2e-

Step 3 is a KOLBE electrochemical oxidation reaction. The experimental

details can be found in paragraph III C.

^	 b

2-12



SECTION III

SYNTHESIS

A. INTRODUCTION

The synthesis of a series of novel fluorochemicals was carried out,

followed by physical testing to verify structure and purity and to measure

properties related to their performance in fluorochemical emulsion artifical

blood.

The synthesis plan was guided by three basic concepts:

1. Convergent Synthesis. "Convergent" describes a synthetic design in

which relatively large prefabricated subunits, which nay or may not be iden-

tical, are assembled to make the final product, i.e.:

Convergent: A + B -CAB; C + D +CD; AB + CD —ABCD

(or 2 AB ARAB)

Non-convergent: A + B+AB; AB + C —ABC; ABC + D -+►ABCD

A successful convergent synthesis leads to a readily purified final

compound, since the individual subunits typically differ greatly in physical

properties from the product of their combination. Routes to highly fluor-

inated materials which introduce many fluorines at one time, even though the

reaction may be carried out in a single reactor as a single operation, involve

a great many intermediate steps and often lead to hard-to-separate mixtures of

closely related products.

2. Use of readily available fluoropolymer monomers as the subunits

containing most of the fluorine. Technology for the commercial production of

C2-C4 perfluoroolefins is highly developed, and almost certainly offers the

cheapest route to highly fluorinated organic compounds.

3. Preparation of partially fluorinated candidate compounds composed of

nonfluorinated and completely fluorinated (i.e., all C-H bonds replaced by

C-F) subunits. This concept was based on the conviction that inclusion of
i

nonfluorinated fragments can lead to synthetic and economic advantages via
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concepts (1) and (2), that the physical properties of the partially fluor-

inated materials will fall in the acceptable range, and that an understanding

of the chemical-structural factors which contribute to toxicity, emulsion

properties, circulatory lifetime and ultimate bodily disposition of fluoro-

chemicals is still so fragmentary that examination of such structures is still

warranted.

It should be pointed out here that the advantages potentially derivable

from concepts (1) and (2) are not dependent on the validity of concept (3).

B. CHEMICAL APPROACH

1. Introduction

The primary objective of the chemical synthesis carried out at JPL was to

produce low cost fluorine containing compounds with oxygen solubilities of at

least 30 ml of dissolved 02/;40 nl of pure com pound and vapor pressures of

less than 40 torn at 37.5°C. Specifically, we have synthesised fluorocar-

bon-hydrocarbon hydrid compounds where the fluorocarbon segment is linked to

the hydrocarbon portion of the molecule via a tertiary carbon in the fluoro-

carbon moiety, e.g.:

CF3	CF3 0

CF  C CH2CH2CH2CH3	CF3CF2CF2 C CH  C OCH2CH3

I
CF3	CF3

This was accomplished by the generation from suitable fluoroolefins and XF or

CsF in dipolar-sprotic solvents of tertiary fluorocarbanions. These are then

alkylated with hydrocarbon alkyl halides:

CF 	 CF 	 CF3

1	 X	 • t R-X
C=CF2	CF3-C X	 CF3 C R + XX

solvent	
I	 I

-	 CF 	 CF 	 CF 

R•X = alkyl halide
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In the second year explorations were performed principally in regard to

the reactivity of carbanions (a) and (b) formed from octafluoroisobutene (c)

and F-2-methyl-2-pentene (d) respectively (below).

CF
3	CF3

1_	 1
CF3— C	 CF3CF2CF2 _ C

I	 I
CF

3	CF3
(a)	 (b)

	

/ CF
3 	CF3

CF  = C	 CF3CF2CF =C

	

CF3	CF3

(c)	 (d)

Near the end of the first year success was attained in producing effi-

ciently, reproducibly, and in kilogram quantities, the thermodynamically

stable dieter of hexatluoropropene, F-2-methyl-2-pentene.

2 CF3CF = CF  KF_ CF3CF2CF = C(CF3 ) 2 (I)

DMA

Exploitation of the chemistry of this dieter was begun and conditions

were discovered for converting it by simple chemistry, in good yield and

purity, to the hybrid fluorocheri.cals originally proposed.

2.	 Direct alkylation of the tertiary center.

When F-2-methyl-2-pentene is stirred at room temperature with dry, pow-

dered, potassium fluoride suspended in dimethylacetamide, the intermediate
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tertiary carbanion is not detectable by 147 1881, but its reaction products

with allylic halides are slowly formed in high yield, without any discernable

side-reactions.

CR2*C2 CR28r	 C6F13-CR2	 2

Cr3

1F, DNA	 I
I ^7 CF3Ck 2CF2C -	 CR3C&a-CR2C 1 C6F13 CR2MOCNCR3

CF3 	NaI

II	 %aC(C% )%C1 C6F13_%` 33)

N&I

Allylic chlorides alone do not react at an acceptable rate, 'too do react

in the presence of a catalytic amount of sodium iodide, which generates an

equilibrium concentration of allylic iodide by nucleophilic displacement.

While success was not attained lost year in hydrogenating (a3)3CCR2CR=CR2

in solution over the usual catalysts at low hydrogen pressure, it was found

that each of the above olefins may be reduced very cleanly in the gas phase by

passing the olefin vapor in a stream of excess hydrogen through a column

packed with p&lladized fir Jorick (see paragraph III C for the proce-4ures).

The yields of the saturated perfluoroalkylalk&nes appear to be quantitative

except for small handling losses; no RF or any by-products indicative of carbon

-fluorine or carbon-carbon cleavage have been detected.

3. Synthesis and a:kylation of perfluoro-2-methyl-2-peat&nol

The reaction of carbanion II above with a nitrosstinS &Seat Sives the

corresponding nitroso compound, which my be oxidized in situ or isolated and

oxidized in a separate step to the nitrite, which is in turn quantitatively

hydrolyzed to the alcohol.
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II XS N 
2 
0 
4
	 N204

or	
NOC1	

go C6F13N0 or	 02	 C6F130N0

C6F13ONO	 KOH	 C6F13OK	 H2SO4	 C6F13OH

The tertiary alcohol is so acidic that it is readily soluble in aqueous

potassium hydroxide and easily separated from small amounts of accompanying

neutral byproducts (still being identified).

The potassium salt may be prepared directly in dimethyl sulfoxide solu-

tion by reaction of the alcohol with solid KOH, and alkylated in situ in high

yield with a primary alkyl iodide or sulfonate.

KOH, DMSO

C6F13-OH

	

	 C6F13OR

RI

By this method the methyl, ethyl, n-propyl, ethers, isopropyl and n-butyl were

prepared.

4.	 Other Chemistry:

Reduction of C6F13NO has been found so far to give the corresponding

hydroxylamine, but other conditions will be explored in the hope of obtaining

the amine, C6F13NH2 from the readily-prepared nitroso compound.

Zn(Hg),HC1

C6F 13N0	 C6F13NHOH

CF3000H, r._'

It was discovered that the perfluoro- tert-hexyl and perfluoro- tert-butyl-

carbanions can be coupled with p-nitrobenzenediazonium fluoborate in dimethyl-

acetamide, although previous attempts to use that diazonium salt in dimethyl-

formamide gave only decomposition products.
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(CF3)2C=CF2 + KF + p-NO2C6H4-Nil, BF_ ^ o( CF3 ) 3C-N=N-C6H4-p NO2

Reduction of the (CF 3) 3C- derivative with amalgamated zinc in acetic acid	 Y

gives the corresponding amine. The same reaction has been performed with the

C6F13- analog and is reported under paragraph C.

An experimental procedure follows for each of the new compounds which was

isolated in pure form during this effort.

C. EXPERIMENTAL

1.	 Synthetic Methods

The following is a compilation of the synthetic procedures for pertinent

starting materials and final test compounds synthesized at JPL during this

contract year.

All synthetic procedures up to and including alkaline or aqueous washes

of crude FC products were carried out in a good chemical fume hood, and fur-

ther procedures were performed in the hood so far as practicable. F-olefins,

especially octafluoroisobutene (OFIH) are known to be toxic, and other new

substances were considered toxic until shown not to be. Procedures involving

N204 , a strong oxidant, or glass vessels under vacuum or pressure were con-

ducted behind a safety shield. Especially hazardous procedures are so noted.

The infrared and h711R spectra are presented with each compound descrip-

tion. The NMR spectra were obtained on a Varian T-60 or HR-60 system. The

infrared spectra were run on a Perkin-Elmer Infrared Model 137. Elemental

analysis was done at California Institute of Technology Analytical Laboratory.

Table 3-1 includes a summary of compounds synthesized and tested, (along

with their designation code number) during the first year of the program

(Reference 20). Table 3-2 summarizes compounds prepared during the second

year.

3-6
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Table 3-1. Fluorochemical Compounds .. , nthesized

and Submitted for Testing to UBTL

^	 Designation Structure

JPL-AB-1 (CF 3)3C-CH2-CH•CH7

JPL-AB-2
(C9F18)

_ JPL-AB-3 (CF 3)3C-CH2-QQCH2-CH2-CH3

JPL-AB-4 (CF3)3C-CH2-C-0-CH2-CH3

JPL-8-5 (CF 3)3CNH2

JPL-AB-6 (CF3)3C-(CH4)3-C(CF3)3

JPL-AB-7 (CF3)3COH"

JPL-AB-8 (CF 3)3CCFC1CFC1CF3

JPL-AB-9 (CF 3)3C-CH2-CH-CH-CH2-C(CF3)3

JPL-AB-10 (CF 3)3C(CH2)31

JPL-AB-11 CF3CF2CF2 (CF 3)2CCH2CH^CH2

JPL-AB-12 (CF3)3CCH2CO2- Na"

JPL-AB-13 (CF 3)3C(CH2)5C(CF3)3

JPL-AB-14 (CF 3)3C(CH2)2C(CF3)3

i

`A commercial material obtained from PCR. Gainesville, 	 FL.
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Table 3-2. Fluoro.hemical Compounds Synthesized
During the Second Year

DESIGNATION	 STRUCTURE

JPL-AB-15 CF3CF2CF2 (CF 3)2C(CHACH3

JPL-AB-16 CF3CF2CF2 (CF AC(CHACH3

JPL-AB-17 CF3CF2CF2 (CF 3)2CH2CH(CHA

JPL-AB-18 CF3CF2CF2 (CF ACOH

JPL-AB-19 CF3CF2CF2 (CF 3)2COCH3

.JPL-AB-20 CF3CF2CF2 (CF 3)2COCH2CH3

JPI.-AB-21 CF'3CF2CF2 (CF 3)2COC,H2CH2CH3

JPL-AB-22 CF3CF2CF,2 (CF :3 ) 2CCH,2OCH.,CH3

JPL-AB-23 CF3CF2CF2 (CF 3)2CNO

JPL-AB-24 CF3CF,2CF,,(CF	 ),`CCH.,CO.,CH.,CH3

JPL-AB-25 (CF J 3CCU2CH20CH2CH,3
L

JPL-AB-26 (CF 3 ) 3 CCH 2 CH 2OCH 2 CH 2 (CF3)3

JPL-AB-27 CF3CF2CF2 (CF 3)2COCH(CH3)`

JPL-AB-28 CF3CF2CF2 (CF 3 ) 2CO(CH ` 	CHC 3

JPL-AB-29 CF3CF2CF2 (CF 3 )
2 
CCU 3

JPL-AB-30 CF3CF2CF2 (CF 3)2CNHOH

JPI.-AB-:31 CF3CF,,CF2 (C11'
'1

) .? CCU ,,CH:3

JPL-AB-32 [CF3CF2CF2 (CF :3),,CCH^,- J2

JPL-AB-33 (Cy 3)_3CO(CH2)3CH:3

JPL-AB-34 (CF 3)3CO(CH2)3OC(CF3)3

t	 JPL-AB-:35 (CH 3)3C(CH,,),, C(CH A

JPI.-AR - 36 CF3CF2CF2 (CF 3 ) 2CNN.)
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Table 3-3. Fluorochemical Compounds Synthesized
During the Second Year (Continuation)

DESIGNATION STRUCTURE

JPL-AB-37 CF3CF2CF2 (CF 3)2000(CH3)3

JPL-AB-38 CF3CF2CF2 (CF 3)2000H2CO2C2HS*

JPL-AB-39 CF3CF2CF2 (CF 3)2CCH2O00H

JPL-AB-40 CF3CF2CF2 (CF 3)2CCH2CH=CHCH3

JPL-AB-41 CF3CF2CF2 (CF 3 ) 2CCH2 (CH 3)C=CH2

JPL-AB-42 pNO2C6H4N=NC(CF3)2CF2CF2CF3

* Synthesis attempted

-a
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2.	 Vapor-phase Catalytic Hydrogenation: General Procedure

Thirty g of Chromosorb P (40 mesh) .ias slurried in 10% aqueous hydro-

chloric acid and heated on the steam bath for ca. one hour, then washed by

decantation with distilled water. This procedure was repeated twice. Then 50

ml of concentrated hydrochloric acid and 1.0 g of PdC1 2 was added and the

mixture was taken to dryness on the rotary evaporator under aspirator

pressure, using a steam bath as the heat source.

Twelve point six (12.6)g of the PdC1 2 -treated support was packed into

the inner coil of a reflux condenser. The coil was heated by steam from a

flask of boiling water while hydrogen was passed through at 100 - 150 cc/min

until the color of Chromosorb turned frow orange to dark gray (about 0.5

hour).

For reduction of a volatile liquid substrate, the column was preceded by

an evaporator having a glass frit for the hydrogen to bubble through, a thermo-

meter well to monitor the temperature of the liquid, and a heat source.

Following the column was a trap cooled in a dry ice-isopropanol bath and a

soap-bubble flowmeter (See Figure 3-1).

With C 10 olefins, the evaporator was held at 80 - 85 0 and the hydrogen

flow set at about 135 cc/min. Throughput was approximately one gram/hour.

When unreacted olefin appeared in the condensate, as determined by PMR, the

catalyst was replaced. One charge was sufficient to reduce at least 100 g of

distilled olefin. The apparatus was set up in a hood.

t.
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3.	 4,4-Bis(trifluoromethyl)-1,1,1,2,2,3,3,-heptafluoroheptane (JPL-AB-15)

H9

CF3CF2CF2C(CF3 ) 2CH 2CH=CH 2 -----• CF3CF2CF2C(CF3)ICIl.)CH2CH2

Cat.

A total of 72.8 g of crude 4,4-bis-(trifluoromethyl)-1,1,1,2,21 ,3,3-hep-

tafluoro-6-heptene (JPL-AB-II)was reduced by the general procedure for vapor

phase hydrogenation, except in this first example an earlier version of the

apparatus without the thermometer well and flowmeter was used. Sixty-two

point nine (621 .9) g of colorless saturated product was collected, 86°,x, and 3.9

g of tarry residue remained in the evaporator. The condensate was stirred for

two days with 96% H ,̀SO4 , separated, dried over solid potassium hydroxide, and

distilled at aspirator pressure. field, 56 g of water-white product showing

no detectable olefinic hydrogen by PMR. Boiling point 121/719 nun, 1)" 1.51b

g/cm3 . JPL-AB-15 is a new compound.

Calculated for C 9 F 13 H 7 (362.13): C,	 29.85`x;	 H,	 1.95'h,;	 F,	 65.20°,x.

Found:	 C, 29.73°,x;	 H, 1.97°x.

w^n^wNNw•N. i'.' j	 ^	 wu..

v.. .w.r^nuo•1 ^ 1	 ^	 r ^..•	 ,

p•t1
.•arw
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4.	 4,4Bis(trifluoromethyl)-1,1,1,2,2,3,3,-heptafluorooctane 	 (JPL-AB-16)

112

CF3CF2CF2C(CF3 ) 2CH2CH=CHCH3 ----+ CF3CF2CF2C(CF3)2CH2CH2CH2CH3

cat.

Olefin CF3CF2CF2C(CF3 ) 2 CH2CH=CHCH3 (JPL-AB-40), 78.7 g, was hydrogenated

by the general procedure for vapor-phase hydrogenation. The crude product was

dried over solid KOH and redistilled. Yield 77.2 g, 97.6%. Boiling Point

137.5°C/730mm D24 1.466 g/cm2 . JPI.-AB-16 is a new compound.

Calculated for C 10H9F 13 (376.16): C, 31.93°x; H, 2.41°x; F, 65.66°x;

Found:	 C, 31.92°,x; 11, 2.80°,x.
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5.	 4,4-His(trifluoromethv.)-1,1,1,2,2,3,3-heptafluoro-b-methylheptane

(JPL-AB-17)

H2

CF3CF2CF `C(CF3 ) 2CH`C(CH.3 )-CH.,	 • CF3CF2CF2C(CF3)2CH2CH(CH3)2

Cat.

Olefin CF3CF 3CF2C(CF 3 ) 2CH2C(CH3 )=CH 2 (JPL-AB-41), 103.1 g, was reduced

by the general procedure for vapor-phase hydrogenation. Samples of product

were withdrawn for spectroscopy and preparative ge purification and the bal-

ance distilled from solid KOH. Boiling Point 132°CJ721 mm, 0 `4 1.453 g/cm3.

JPL-AB-17 is a new compound

Calculated for 
C10H9f13 

(376.16): C, 31.93°x; H 2.41%; F, 65.66°x.

Found: C, 31.95%; H, 2.44%.

C, 31.99%; H, 2.53°,x.
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6.	 Perfluoro-2-methyl-2-pentanol 	 (JPL-AB-18)

(CF  C-CFCF CF CF + N 0	 [C F NO]--CF CF CF Q U  OH
3 ) 2 	 2 2 3	 2 4	 DMA	 5 13	 3 2 2	 3 ) 2

The apparatus was set up with a hood and safety shield.

Dry KF, 50g; dimethylacetamide, 500 ml, and perfluoro-2-methyl-2-pente-ie,

171.3 g (0.571 mol) were combined in a one-liter 3-neck flask and stirred at

4 - 7° (external ice-salt bath) while 109 g N 204 (1.18 moles) was slowly

distilled in a slight flow of 0 2 . A -28°C (boiling CF 2C1 2 ) reflux condenser

was used to minimize escape of NO 2 . The addition w:,s slightly exothermic and

was interrupted whenever the pot temperature reached +7°. Immediately after

the addition the reaction mixture was deep blue; F11R examination of the lower

fluorochemical phase showed complete consumption of starting olefin and a

single predominate product, subsequently shown to be CF 3CF2CF 2C(CF 3 ) 2NO. The

reaction mixture was let warm slowly (the ice-salt bath left in place) to room

temperature with stirring. After 18 hours the blue color had disappeared and

the lower phase was light yellow. After ca. 48 hours additional, most of the

fluorochemical seemed to be dissolved in the dimethylacetamide, and much white

solid was present. Water, ca. 400 ml, and 6.2 g H 3BO3 (0.1 mol) were added;

the lower phase re-formed and most of the solid dissolved. Sulfamic acid,

H2NSO3H, was added in small portions to destroy the nitrous acid present, and

the reaction mixture was distilled at atmospheric pressure until the conden-

sate was clear. The distillate consisted of a lower fluorochemical phase and

an upper aqueous phase, both almost colorless. Potassium hydroxide, :37.4 g

(0.66 mol), was added to the distillate, whereupon most of the lower phase

dissolved in the aqueous layer. A small amount of neutral material was separ-

ated by vacuum distillation into a -78° trap, then the clear a , , ,^cous K011

solution was acidified with H 2SO4 and distilled at aspirator pressure into a

dry ice cooled receiver. Yield 108.9 g of the perfluoro alcohol as a dense.

water-white liquid, 56.7%. 	 Boiling Point 93/728 mm 
D24 

1.770 g/cm" 3 . (Note:

see preparations of H l .-AS-23 for n i t roso compound) . JPL-Ali-18 is a new coin-

pound.

Calculated f,.r C 6 F 13OH (33 0';):	 C, 21.45"x; H, 0.30°x„ 0, 4.70%;

i , /.3. 4 9 ..

Founm C, 21 1.19%; h, 0.49%.

3-18



00^.

FMR: 0 . 9 ppm, 6F, tt; 8.8 ppm, 3F, t; 41. 9 ppm, 2F, m; 50 . 9 ppm, 2F, m, all

upfield of the t of CF2C1CFC12'

The neutral fraction weighed 17 . 5 g (approximately 9% yield) and con-

sisted of a mixture of two still unidentified CF 3CF2CF2C(CF3 ) 2X products,

possibly one wit. X = NO2 , the other X = ONO2 . Tue C(CF3 ) 2 tt of the major

^60x) component appears 4.1 ppm downfield of the d of CF 2C1CFC12 ; the C(CF3)2

tt of the minor component at 0.4 ppm downfield.
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7. Improved Preparation of Perfluoro-2-methyl-2-pentanol	 (JPL-AB-18)

The apparatus was set up with a hood and safety shield.

Dried potassium fluoride, 58 g(1.0 mol); 550 ml disethylacetamide; and

201.3 g (0.67 mol) perfluoro-2-methyl-2-pentene were combined and stirred

magnetically in a one-liter 3 N flask equipped with cold finger condenser,

thermometer well, and drying tube. The mixture was cooled to -20 0 in a dry

ice-isopropanol bath, and nitrosyl chloride was passed in from a lecture

bottle, keeping the temperature below -50 , until a green color persisted (the

reaction product forms a clear blue lower layer, and the presence of excess

yellow-brown NOU causes the mixture to appear green). An fmr spectrum of the

blue lower layer showed complete consumption of starting material. The re-

action mixture was poured into a 2-liter separatory funnel containing 30 g of

boric acid in ca. one liter of ice water. The blue lower layer teas drawn off

and without further purification, placed in a 250 ml 3 N flask equipped with a

cold finger condenser and oxidized with a slow stream of oxygen. The blue

color turned green, then yellow within 30 minutes. The oxidation is exother-

mic. The crude yellow nitrite ester was poured into 300 ml of water and

stirred until gas evolution ceased (NO t NO2), then made strongly basic by
addition of 60 g KOH pellets. Insoluble material (40.8 g) was removed by

direct steam distillation; distillation was stopped when the distillate ran

clear of insoluble material. The residual aqueous solution was cooled and

acidified with sulfuric acid. The lower layer which formed was separated,

mixed with 75 ml of 96% H 2SO4 , and the mixture distilled at aspirator pressure

into a dry ice-cooled receiver. Yield 145.5 g (64.5, of colorless product,

pure by fmr. JPL-AB-18 is a new compound.
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8.	 2-Methoxy-perfluoro-2-methylpentane
	

(JPL-AB-19)

CF3CF2CF2C(CF3 ) 20H + KOH -------+ C6F13OK

DMSO

C6F13OK + (CH 30) 2S02	----•► CF3CF2CF2C(CF3)20CH3

The apparatus was set up with hood and safety shield.

Perfluoro-2-methyl-2-pentanol, 25.0 g (0.0744) mol) was mixed with 125

of dimethylsulf oxide. A single phase was present. Solid KOH (85% pellets,

7.7 g, 0.12 mol) was added with stirring; the KOH partly dissolved and the

C(CF3 ) 2 m shifted about 2.6 ppm upfield relative to the -CF 2CF3 m. Dimethyl

sulfate, 12.6 g (0.10 mol) was added; the solution immediately became turbid

and within a few minutes a lower phase separated. The mixture was stirred 'S

hours at room temperature and poured into water; the lower phase was sepa-

rated, washed with dilute HC1, treated with solid KOH, distilled at aspirator

pressure into a dry ice-cooled receiver, washed with 95% H 2SO4 , distilled

again, and again treated with solid KOH. Yield 19.6 g, 75.3%, Boiling Point

97 0C/728 mm, D24 1.617. JPL-AB-19 is a new compound.

Calculated for C 7H30F
13
 (350.07):	 C, 24.02%; H, 0.86%; 0, 4.57%; F,

70.55%.
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9.	 2-Ethoxy-perfluoro-2-methylpentane
	

(JPL-AB-20)

CF3CF2CE2C(CF3 )2OH + KOH ----+ C6F13OK

DMSO

J

C4F 13OK + CH3CH21 ----+ CF3CF2CF2C(CF3)2OCH2CH3

The apparatus was set up with a hood and safety shield.

This ether was prepared as in the preceding example from 25 . 2 g alcohol,

8.2 g KOH and 16 . 4 g CH3CH2I ( . 105 mol). After 41 hours the reaction was

worked up as in JPL-AB-19. The crude product was purified by one bulb-to-bulb

vacuum distillation from solid KOH and treated with 5A molecular sieve. Yield

23.0 g, 84.2%. Boiling Point 109 °C/728 mm, D24 1 . 571 g/cm3 . JPL-AB-20 is a

new compound.

Calculated for C8H5OF
13
 (364.10): C, 26.39%; H, 1.38%; 0, 4.39%;

F, 67.83%.

Found: C, 25.96%; H, 1.56%.
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10. 2-n-Propoxy-perfluoro-2-methylpentane 	 (JPL-AB-21)

CF3CF2CF2C(CF3 ) 2OH + KOH - C6F130K

DMSO

C6F 13OK + CH3CH2CH21 ------► CF3CF2CF2C(CF3)20CH2CH2CH3

The apparatus was set up with a hood and safety shield.

This ether was prepared as in the previous example from 25.0 g alcohol,

8.5 g KOH and 17.0 g n-propyl iodide (0.10 mol). The reaction mixture was

clear initially but became turbid within five minutes. After 65.5 hours the

mixture was worked up as before, and the crude product purified by a single

bulb-to-bulb vacuum distillation from solid KOH. Yield 22.1 g, 78.6%. Boil-

ing Point: 125 0C/728 mm, D24: 1.,07 g1cm 3 . JPL-AB-21 is a new compound.

Calculated for C9H7OF
13 

(318.13): C, 28.59%; H, 1.87%; 0, 4.23%;

F, 65.31x.

Found: C, 28.50%; H, 2.03%.
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11. 4,4-Bis(trifluoromethyl)-S-ethoxy-1,1,1,2,2,3,3-heptafluoropentane

(JPL-AB-22)

KF

(CF 3 ) 2C=CFCF2CF3+CiCH2OCH2CH3 -{ CF3CF2CF2 (CF 3)2CCH2OCH2CH3

Cat.

THE

Apparatus was set up with hood and safety shield because of toxicity.

Dry KF, 20 g; tetrahydrofuran, 250 ml; perfluoro-2-methyl-2-pentene, 46.6

g (0.155 mol) and chloromethyl ethyl ether, 22.2 g (0.235 mol) were combined

and stirred at room temperature with exclusion of moisture. After 17 h, no

reaction could be detected by FMR, and 5.0 g of 18-crown-6 ether-acetonitrile

complex was added. After 20.5 h additional stirring, about 40% product was

,judged present by FMR analysis. The reaction was stirred a further 240 hours,

30 ml morpholine was added, and 24 h later the reaction was worked up by

pouring the mixture into ca 1.5 liter water. The lower layer was washed with

3M HC1-0.5 M H3BO3 , dried over solid KOH and distilled in vacuum. The crude

product showed appreciable amounts of several impurities by FMR and PMR;

successive treatment with strong aqueous KOH, morpholine and concentrated

sulfuric acid, and distillation in vacuum from solid KOH gave 18.8 g, 32% of

material with PMR and FMR spectra consistant with the assigned structure.

Boiling Point 133 0C/718 mm, D24 1.530 g/cm3 . JPL-AB-22 is a new compound.

Calculated for C9H 7OF13 (378.13):	 C, 28.59%; H, 1.87%; 0, 4.23%, F,

65.31X.

Found: C, 28.49%; H, 2.06%.

3-30



rw
1 7

...jam +^	 ^	 -z_,._..,	 ,^	 ,,. 1	 .... _..^	 r ^•	 i 	 ^ d ,•

4X—

t. t

1,24

6MC"kjW MA'ftOUM

&Kftft-ft

3-31



3	 5	 6	 11	 12	 13	 14

010

.10

20—

30

4000 3000	 2000	 1s00	 1200	 1000 900	 sm	 noCA

SW-WA4 NO.—

SAMKI

ORKNN—.ft—

MASS —Mft

tMND---

DAR--

OPERATOR ul

mfmAWS

R!gstgjs—^

IW PFftW4FlMF* CeWMAMPM W'*WAIK CONN

3-32



i

12. Perfluoro-2-nitroso-2-methylpentane 	 (JPL-AB-23)

KF

(CF3 )2C=CFCF2CF3+NOC1----- ► CF
3 
CF

2
 CF

2
 (CF

3 ) 2
 CNO

DMA

Apparatus was set up with hood and safety shield due to high toxicity.

Dry KF, 30g; dimethylacetamide, 250 ml; and perfluoro-2-methyl-2-pentene,

100.7 g(0.336 mol), were combined in a 500 ml 3 necked flask fitted with a -28

(boiling CF2C12 ) cold finger and magnetic stirring. The mixture was cooled to

` 3° in an ice bath and nitrosyl chloride (NOC1) slowly passed in from a cyl-

inder until an excess was present (green color). The reaction mixture was

then poured into ca. one liter of ice water in a separatory funnel. The liner

blue phase was separated, dried quickly over solid KOH (some reaction) and

distilled quickly at aspirator pressure into a dry ice-cooled receiver. The

distillate was stored over 4A molecular sieve over a weekend in the freezer

and again distilled as above. Yield 92.0 g (79%) of royal blue, mobile li-

quid, 80-90% pure by FMR. Boiling point 73°/729 D 24 1.702. JPL-AB-23 is a

new compound.

Calculated for C6F13NO (349.05):	 C, 20.65%, F, 70.76%; N, 4.01%; 0,

4.58%.
Found: C, 19.47%.

A
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13, Ethyl-3,3-bis(trifluoremethyl) -4,4 ,5,5,6,6,6-heptafiuorohexanoate

(JPL-AB-24 )

1F

(CF3 ) 2C=CFCF2CF3 + BrCH2CO2C2H5 
DMA 

CF3CF2CF2C(CF3)2CH2CO C2H5

Dry, finely-ground potassium fluoride (30 g, 0.52 mol) was transferred

inside a dry box into a one liter round bottom flask containing a magnetic

stirring bar. Dry, freshly distilled dimethylacetamide (500 ml) was added,
followed by 106,7 g (0.35£+ mol) perfluoro-2-methyl-2-pentene and 81.8 g (0.49

mol) ethyl bromoacetate. The flask was closed with a drying tube and stirred

at room temperature (301C). When the FMR spectrum of the reaction mixture was

taken 18 hours later, the reaction was found to be complete. The entire

mixture was filtered by suction into a 2 liter separatory funnel, diluted with

ice water and the lower layer drawn off. An excess of morpholine was mixed

with the crude product and the mixtures stirred overnight, then poured into 3M

RCI containing 0.5 N H3BO3 . They lower layer was again drawn off. The yield

of crude ester, essentially pure by FMR but showing some minor impurities in

the PMR spectrum, was 116.7 g; short-path distillation under aspirator vacuum

left a small residue of red tar and gave 103 g of light yellow mobil:, liquid,

71%. The product has a boiling point of 163 - 164°C at 732 torr and a density

of 1.594 grams/ml at 22°C. JPI-AB-24 is a new compound.

An analytical sample was obtained by preparative gas chromatography.

Calculated fear: 
C 10H7F130

2 (406.14): C, 29.57%; H, 1.74%; F, 60.81%; 0,

7.88%.

Found: C. 29.84%; 11, 1.92%.
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14. 4-ethoxy-2,2-bis(trifluoromethyl)-1,1,1-trifluorobutane 	 (JPL-AB-25)

KF

(CF 3 ) 2C=CF2 + BrCH2CH2OCH2CH3 -----*.(CF 3)3CCH2CH2OCH2CH3

DMA, RT

Apparatus was set up with hood and safety shield.

Thirty point six (30.6) grams (0.200 mol) of 2-bromoethyl ethyl ether was

added to 100 ml of dry dimethylacetamide (DMA) in a 250 ml Fischer-Porter

pressure bottle equipped for magnetic stirring. Fifty (50) grams (0.25 mol)

of octafluoroisobutene (OFIB) was condensed by a -78°C cold finger into the

bottle which was kept at -10°C by a dry ice/isopropanol bath throughout the

addition. Fourteen point six (14.6) grams (0.252 mol) of dry potassium fluor-

ide was then added and the vessel was closed. The reaction mixture was al-

lowed to warm to room temperature with stirring. After stirring for two days,

the pressure gauge in the reaction vessel was zero. The mixture was allowed

to stir for a total of seven days and then placed in a separatory funnel and

washed with 500 ml of water. Fifty nine (59) g of a crude lower layer was

collected. Gas chromatography on a 20% FFAP column at 150°C showed product,

starting alkyl halide, HFP-OFIB codimer and one other impurity. 19F NMR

showed a singlet for the product and the characteristic resonances for the

co-dimer. The material was then distilled through a 5 cm vacuum jacketed

Vigreux column. Twenty-one (21)g of material boiling between 110 - 120°C was

collected. The material was then purified by gas chromatography on a l x 150

cm, 20% didecylphthalate column at 90°C with a He flow rate of 100 ml/min.

Fifteen (15)g (0.051 mol, 26%) of pure product was collected. Boiling point =

115°C @ 730 m. Density = 1.458 at 23°C. JPL-AB-25 is a new compound.

Calculated for:	 C 8H9OF90 (292.14); C, 32.89; H, 3.11; 0, 5.48;	 F,

58.53.

Found: C, 31.94%; H, 2.69%; C, 32.06%; H, 2.84%.

4
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15. 0,0'-(nonafluoro-t-butyl-ethyl) ether
	

(JPL-AB-26)

NaI, KF

(CF3 ) 2C=CF2 + (C1CH2CH2) 20 ----+ ((CF3)3CCH2CH2j20

DMA, RT

The apparatus was set up with hood and safety shield because of high

toxicity.

Twenty one point four (21.4)g (0.15 mol) of P,P'-chioroethyl ether, 2.25

g of sodium iodide and 100 ml of dry dimethylacetamide were placed in a 250 ml

Fischer-Porter pressure bottle equipped with magnetic stirring and a dry

ice/isopropanol bath held at -10°C. One hundred twenty (120) g (0.60 mol) of

OFIB were condensed from a -78°C cold finger into the pot. Twenty-six point

two (26.2) g (0.45 mol) of dry KF were then added and the top placed on the

pressure bottle. The pot was allowed to warm to room temperature and stirred

for 14 days. The pot contents were then washed with 1 liter of water in a

2-liter separatory funnel. Upon addition of the water, vigorous hydrolysis

occurred accompanied by a slight rise in solution temperature. Ninety six

point seven (96.7) g of a crude brown lower fluorocarbon layer was collected

and dried with MgSO4 . 19F NMR showed the crude phase to have 2 singlets of

equal intensity downfield of the F113 doublet. Gas chromatography on a 1 x

150 cm, 20% didecylphtha late column at 90°C with a He flow rate of 100 ml/min

showed the crude mixture to have 12 components. No product was isolated.

a
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16. 2-Isopropoxy-perfluoro-2-methylpentane 	 (JPL-AB-27)

KOK

CF3CF2CF2 (CF3 ) 2COH + ICH(CH3)2 ----	
CF3CF2CF2 (CF3)2COCH(CH3y2

Twenty five point zero (25.0) g of perfluoro-2-methyl-2-pentanol (0.0744

mol), 8.6 g of KOH pellets (0.13 mol), and 125 ml of dimethylsulfoxide were

combined and stirred at room temperature. After 45 minutes, 18.7 g (0.110) of

2-iodopropane was added; the mixture did not become turbid within 10 min, as

did the same reaction with primary iodides, but turbidity was present after 25

min. Some pressure buildup and olefin smell were evident, indicating com-

peting elimination of HI and formation of propene. After twenty hours, an

additional 5.3 g of iodide (0.031 mol) and 3.1 g KOH were added. After 113

hours total reaction time, the mixture was poured into 300 ml of water, and

the lower layer separated and dried over solid KOH. The alkaline aqueous

supernatent was acidified with concentrated HC1, whereupon 9.1 g (crude)

perfluoroalcohol separated; it was identified by its FMR spectrum.

Short path distillation of the crude ether gave a colorless product. An

analytical sample was obtained by preparative gas chromatography. Overall

yield of 16.2 grams (58x), by = 121°C at 732 torr, density = 1.531 at 21°C.

JPL-AB-27 is a new compound.

Calculated for C9H 7F130 (378.13); C, 28.59%; H, 1.87%; 0, 4.12%; F,

65.31x.

Found: C, 28.42%; H, 1.89%.
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17. 2-n-Butoxy-perfluoro-2-methylpentane
	

(JPL-AB-28)

KOH

CF3CF2CF2 (CF3 ) 3COH + ICH2CH2CH2CH3 
DMSO--+ 

CF3CF2CF2 (CF3)2000H2CH2CHZCH3

Twenty five point zero (25.0)g of perfluoro-2-methyl-2-pentanol (0.0144

mol), 125 g of dimethysulfoxide, 9.9 g of KOH pellets (0.115 mol), and 18.4 g

of 1-iodobutane (0.100 mol) were combined and stirred at room temperature for

three days. At the end of the reaction period the mixture was poured into ca.

300 ml of water and the crude lower layer drawn off and dried over solid KOH.

Distillation of the crude product at aspirator pressure into a dry ice-cooled

receiver gave a colorless liquid. An analytical sample was obtained by prep-

arative gas chromatography. Overall yield 24.8 grams (84x), by = 138°C at 732

torr, density = 1.472 at 21°C. JPL-AB-28 is a new compound.

Calculated for C 10H90F13 (392.16): C, 30.63%; H, 2.31%; 0, 4.08%; F,

62.98°,x.

Found: C, 30.47%; H, 2.25%.
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18. 2,2-Bis-trifluoromethyl-3,3,4,4,5,5,5-heptafluoropentane 	 (JPL-AB-29)

KF

(CF3 )2C=CFCF2CF3 + (CH 30) 2502 DM-A CF3CF2CF2 (CF3)2CCH3

Apparatus was set up with hood and safety shield.

Potassium fluoride, 95 g (1.64 mol; oven-dried and powdered), 500 ml of

dimethylacetamide and 301 g (1.00 mole) of perfluoro-2-methyl-2-pentene were

combined and stirred magnetically in a one liter flask, while 168 g (1.33 mol)

of dimethyl sulfate was added in portions. 17,c first portions caused no

perceptible temperature rise (touch) but as the addition continued over about

0.5 hour the temperature rose gradually until the fluorochemical components

refluxed gently. After the mixture cooled, 19FMR examination showed consump-

tion of starting material and the presence of two major components' (vide

infra). The mixture was poured into water and the lower layer examined by

FMR: multiplets similar to that of the previously prepared CF3CF2CF2C(CF3)2R

compounds was present (41.5x), along with CF 3CF2CF2C(CF3 ) 2H (1"2.1x) and a

previously unobserved compound tentatively identified as (CF 3)2HCHCOCF2CF3

(46.2x), presumably arising from attack of the solvent or the CH 3OSO3 ion on

the starting olefin. The relative amounts were determined by integration of

the geminal CF  multiplets. The crude lower layer was stirred with a solution

of KOH in isopropanol until the exothermic reaction subsided, then the mixture

was distilled until no more fluorochemical co-distilled with the isopropanol.

The crude product was washed with water, dried over KOH pellets and redis-

tilled at aspirator pressure to give 111.2 g (33.3x) colorless liquid. Some

discoloration occurred when the distilled product was redried over solid KOH,

so diethyl amine was added to destroy the reactive impurities present. After

24 hours, the mixture was washed with dilute aq. acid, again dried over solid

KOH, and redistilled. Overall yield 99.2 grams (30x), by = 86°C at 731 torr,

density = 1.667 at 21°C. JPL-AB-29 is a new compound.

Calculated for C 7H3F 13 (334.08): C, 25.17%; H, 0.91; F, 73.93.

Found: C, 24.29%; H, 0.90%.

C, 24.32%; H, 1.01%.

CF3CF2CF2
 
(CF 3 ) 2CCH3 + Br 	 h- v &► CF3CF2CF2(CF'3)2CCH2Br
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Attempted bromination: 21.6 g (0.065 mol) of the KOH-isopropanol washed

product above was placed in a Pyrex flask with 11.2 g Br 2 (0.070 mol). The

two-phase mixture was heated and illuminated by a 25-W Tensor light placed 	 r

against the flask and shielded with foil, after about 16 hours at reflux, the 	 _-
i

mixture was examined by PMt, only the starting material was present. 	 i
F-
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19. Perfluoro-2-methyl-2-pentylhydroxylamine 	 (JPL-AB-30)

CF3CF2CF2(CF3)2CN=0 Zn/Hg, HC1 0 CF
3
 CF

2
 CF

2
 (CF

3 ) 2
 CNHOH

TFA

Apparatus was set up with hood and safety shield.

Ten point seven (10.7) g of perfluoro-2-nitroso-2-methylpentane (0.0307

mol) was dissolved in 42 ml of trifluoracetic acid. The solution was cooled

to -15° and saturated with HC1 gas, then 5.3 g of granulated amalgamated zinc

(about 2.5 equivalents) were added. The solution was stirred and let warm

: slowly to room temperature. At the end of one hour the mixture was still

blue, but after stirring overnight a white precipitate was present and the

solution was colorless. Twenty-five (25) ml of 96% H 2SO4 were added, and most

of the trifluoroacetic acid was distilled off at aspirator pressure. The

distillate was faintly blue. The distillation residue was diluted with water;

a lower phase formed which was steam-distilled out. The lower product phase

of the distillate was separated: yield 5.34 g (50%) of a colorless liquid

identified by nmr spectroscopy as CF 3CF2CF2C(CF3 ) 2NHOH. The proton nmr spec-

trum of the crude product showed two fairly sharp singlets at 5.80 and 1.82

ppm downfield of external TMS (ratio 1:1.44; vs expected 1:1, perhaps due to a

trace of water exchanging with the -NHOU protons). The fmr spectrum in Freon

113 shows only a single t of t at 66.52 0 for the CF3CF2CF2C(CE3 )NHOH fluor-
ines. :4hen the F-113 solution of the product was treated with aqueous HONO,

the solution became blue, and the 66.52 t of t in the fmr spectrum disappeared

and was replaced by the quintet of CF3CF2CF2C(CF3 ) 2NO at 63.64 0. These
=	 observations are consistent only with the reduction product being the hydroxyl-

amine, rather than the amine CF3CF2CF2C(CF3 ) 2NH2' A larger-scale preparation

of the hydroxylamine is in progress. JPL-AB-30 is a new compound.
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20. 3,3-Bis(Trifluoromethyl)-4,4,5,5,6,6,6-Heptafluorohexane 	 (JPL-AB-31)

(CF3)2C=CFCF`CF3 KF, DMA ► CF3CF2CF2 (CF3)2CCH2CH3
CH3CH2I

113 g (0.337 mol) perfluoro-2-methyl-2-pentene, 41.3 g (0.711 mol) dry

potassium fluoride, 250 ml dry dimethylacetamide, and 72 g (0.462 mol) ethyl

iodide were combined and stirred at room temperature. After 59 days, sometime

during which the stirrer broke down, the mixture was poured into 1.5 1 of

water. Examination of the crude straw-colored lower layer by fmr spectroscopy

showed complete reaction. The crude product was drawn off and mixed with 60

ml of diethylamine; the mixture darkened and became warm. After 48 hours that

mixture was poured into water and the lower layer was separated and stirred

overnight with 60 ml of 96% H2SO4 . The product was distilled in vacuum direct-

ly from the H2SO4 , redistilled in vacuum from solid KOH, dried over CaC12 and

filtered to give 97.8 g of water-white mobile liquid, 74.6%. JPL-AB-31 is a

new compound.

The product was redistilled at atmospheric pressure to obtain a sample

for testing and analysis.
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21. 5,5 , 6,6-Tetra-H-perfluoro-4,4,7,7- tetramethyldecane

CF CF CF C(CF  CH COON 
NaOMe,MeOH 

(CF CF CF C(CF 3. 2 2	 3 )2  2	 _	 3 2 2	 3 ) 2_00 ?
(A)	 -2e

(B)

(JPL-AB-32)

.l

The Kolbe oxidation of acid (AB-39, p 3-64) was conducted in the appara-

tus used in the synthesis of JPL-AB - 14. Sodium metal, 0 . 2 g (0.0086 moles)

was added to 120 ml of anhydrous methanol placed in the electrolysis flask.

(For a description of the apparatus see Reference 20). After the sodium

reacted, 18 . 0 g (0.0476 moles) of acid A, were added. The product is immisc-

ible, co-distills with methanol, and was collected in a Dean-Stark water

separator. The end of the electrolysis was determined in the reaction by the

change of pH to basic. The yield of crude product was 13 g, 82.2%. The

product was purified by a short path distillation, B.P., 82°C at 14 mm.

JPL-AB-32 is a new compound.
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22. 1-(Perfluoro-t-butoxy )butane
	

(JPL-AB-33)

(CF 3 ) 3COH + KOH - (CF 3 ) 3COX + CH3CH2CH2CH2 I --• (CF 3)3000H2CH2CH2CH3

DMSO
	

DMSO

Solid KOH (85% pellets, 10 g, 0.15 mol) was added to 125 ml of DMSO with

stirring. After 30 minutes at room temperature the mixture was cooled to 10°C

and perfluoru-t-butanol (25 g, 0 . 105 mol) was added. The reaction mixture was

stirred for another 30 minutes and n -butyl iodide ( 18.4 g, 0.1 mol) was adder'.

After 20 days of stirring at room temperature the product was isolated as in

preceding examples. Yield 22 g, 71%. The product was purified by preparative

GC. Boiling point 86°C at 733 mm; D = 1.35 g / cm3 . JPL-AB-33 is a new com-

pound.

Calculated For: C 
8 

H 
9 

F 
9 
0 ( 292.14):	 C, 32.89%; H, 3.11%; 0, 5 . 48%; F,

58.53%.

Found: C, 32.67%; H, 3.18%.

C, 32.56%; H, 3.00%.
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&,3-Bia(perfluoro-t-butoxy)propane 	 (JPL-AB-34)

(CF ) COH + KOH---*-(CF ) COK + 1CH CH CH I - (CF ) COCH CH CH,)OC(CF,,)3 3	 3 3	 2 2 2	 3 3	 2 2 2	 3 3
DMSO	 DMSO

This ether was prepared as in the previous example, (JPL-AB-33) from 25.0
g perfluoro -t-butanol, 10 g KOH and 14.75 g (.0498 mol),of 1 , 3-diiodopropane.

After 22 days the mixture was worked up as before. Yield 12 g, 50% based on

perfluoro-t-butanol. The crude product was contaminated with a second compon-
ent, which was separated by preparative GC and identified as (CF 3 ) 3 COCH2CH

CH2. JPL-AB-34 is a new compound.

Calculated for: C 
11 

H 
6 
F 
18 

0 2 (512-13): C, 25.80%; H, 1.18%; F, 66-77%; 0,
6.25%.

Found: C, 26.06%; H, 1.45%.

Calculated for: C 
7 
H 

5 
F 

9 
0 (276.10): C, 30.45%; H, 1.83%; F, 61.93%; 0,

5.79%.

Found: C, 30.22%; H, 1.85%.
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24. 2,2,5,5-Tetramethylhexane
	

(JPL-AB-35)

N&OMe,MeOh

(CH3)3CCR2COO"	
-	

s-(CH 3)3 CCH 
2CK2C(C"3)3

-2e 

The Kolbe oxidation of 3,3-dimthylbutanoic acid was done as described in

the preparation of JPL-AB-32, using 20 g of acid and 125 al MeOH containing

sodium methoxide (MeON&) produced from 0.2 S of No metal. The methanol solu-

tion was diluted with water, the oil which separated was extracted with ether,

the ether extract was dried over MSSO 
4 and evaporated under vacuum. The yield

of crude product was 10 S, 50%. The product was purified by short-path distil-

lation at atm. pressure. Boiling point 115°C at 732 mm. JPL-AB-35 is a new

compound.

Calculated fnr: C 
10 

H 
22 

(142.28): C, 84.41%; H, 15.58%.

Found: C, 84.22%; H, 15.25%.

I
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25. Perfluoro-2-methyl-2-pentylamine	 (JPL-AB-36)

(by the reduction of 2-(p-nitrophenylazo)-perfluoro-2-methylpentone)

CF3CF2CF2 (CIF 3 ) 2CNnN-C6H4-p-NO2 + Zn(Hg) + HCl -
CH3000H

CF3CF2CF2 (CF3 )CNH2 + p-C6H4 (NH 2)2

Crude szo compound, 5.15 g, (0.109 mot) was dissolved in 200 ml acetic

acid at room temperature. To the solution was added 100 ml of 37 percent HC1

and 40 g of granulated amalgamated zinc, in portions. Initially, the mixture

was kept cold in an ice bath, but as the reaction moderated it was let warm to

room temperature. An additional 50 ml of 37 percent HM was added and the

mixture stirred overnight. By the next day all the zinc was consumed, so an

additional 20 g of Zn(Hg) and 50 ml of 37 percent HCl added, and stirring

continued for 24 hours more at room temperature.

On the third day, excess Zn was still present. A reflux condenser and

Dean-Stark trap were attached, and the mixture slowly heated to reflux with an

oil bath. Twenty two point eighty four (22.84) g (after drying over CaCl
2
) of

volatile fluorochemicals were collected as a dense lower phase. The 19F nmr

spectrum of the product mixture showed about 20 mol-percent of material with

peaks consistent with the desired product, as well as the major product,

CF3CF2CF` (CF 3 ) 2CH. Neat CF3so3H, 4.7 g, was added to convert the amine pre-

sent to a salt and permit separation from neutral material; the mixture became

warm and separated into two liquid phases. When the volatile neutral material

was vacuum distilled (20 torr) into a dry-ice cooled receiver, the residue

solidified. About 50 ml of water was then added to the crude residual salt.

A lower liquid phase formed, which was steam distilled from the acid. The

crude amine so obtained weighed 7.02 g and appeared about 80 percent pure by

NMR (yield about 15 percent). JPL-AB-36 is a new compound.

A sample was obtained for analysis and spectra by preparative g.c.

Calculated for C6F13NH2 (335.06); C, 21.51%; H, 0.60%; F, 73.71%; N,

4.18x.

Found: C, 21.60%; H, 0.64%; N, 4.10%.
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26. Perfluoro-2-methyl-2-pentylamine
	

UPL-AB-36)

(improved preparation from 2-phenylazo-perfluoro-2-methylpentane)

CF3CF2CF2 (CF3 )2C-N=N-C6H5 + Zn(Hg) + CF3COOH r t •

CF3CF2CF2 (CF3 )2CNH2 + C6H5NH2

Dry powdered potassium fluoride, 50 g (0.86 mol), perfluoro-2-methyl-2-

pentane, 100 ml (160 g, 0.53 mol) and dimethylforsomide, 500 ml, were combined

and stirred magnetically under a dry nitrogen blanket in an ice-bath while

benzene diazonium fluoroborate, 96 S (0.50 -m1) was added in portions. At the

end of the addition, the mixture was F_i ou for 30 minutes, then filtered by

suction into a 2L flask contL'4ing about one L of water. The flask and filter

cake were rinsed with ether. The combined filtrate and ether washings were

made basic by addition of 40 g of NaOH. The ether layer, totaling about one

L, was separated, washed several times with 5% NaOH, with IN H 2SO4 , with

saturated NaCI, and dried overnight over CaC12.

Evaporation of the ether in vacuum, taking care to keep the temperature

below 50°C, gave 1b4.6 g (0.39 mol, 73%) of crude 2-phenylazo-F-2-methyl-

pentane as an orange oil, suitable for reduction to the amine.

Azo compound, 21.2 g, (0.050 mol) was dissolved in 125 g technical

CF3COOH 0.10 moles). To the solution was added, with stirring, 10 g (approx-

imately 0.15 g-atom) of 20 mesh amalgamated zinc, and the mixture was stirred

at room temperature. The zinc had been previously amalgamated by washing with

dilute HC1 and stirring with 10 percent of its weight of HgBr 2 in aqueous

solution.

The mixture was examined after 15 days by 19F NO, and at that time the

reduction was found to have gone to completion, as evidenced by the disappear-

ance of the original gem-(CF 3 )` peak 12.3 ppm downfield of the TFA peak, and

the appearance of a new gem-(CF 
3 ) 2 multiplet at 5.5 ppm downfield of TFA. (In

a subsequent run on 4 times this scale, the reduction was approxiwetely 30

percent complete after six days at room temperature.)

3-59



Thirty ml of 96 percent sulfuric acid was added to the reaction mixture,

forming a heavy gray precipitate of ZnS0 6 . Most of the TFA was distilled from

the mixture at atmospheric pressure; 105 g was so recovered. Water was then

added cautiously in small portivit. .4rough the reflux condenser until most of

the ppt dissolved. The product amine was collected by direct steam distil-

lation and separation from the co-distilled water. The yield of crude pro-

duct, showing no impurities by 19F nmr, was 13.2 g, 79 percent. The work-up

takes advantage of the very weak basicity of the amine, which is protonated by

96 percent H2SO4 , but liberated when the acid is diluted with water, so it can

then be separated by steam-distillation from zinc, aniline salts, and sulfuric

acid.
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27. Attempted Preparation of Perflt!oro-2-methyl-2-pentylamine 	 (JPL-AB-36)

by reduction of 2-(p-Nitrophenylayo-perfluoro-2-methylpentane

Sn---= —HCI	
CF CF CF (CF ) CNH2P-02N-C6H4-N=N-C(CF3)2CF2CF2CF3	
3 2 2 3 2(CH3CO)20

50 1 g (0.107 mol) of crude azo compound was dissolved in 227 g acetic

anhydride and stirred with 35.6 g mossy tin (0.300 g-atom) in a 3-neck flask

equipped with a reflux condenser. 100 ml of 37% hydrochloric acid was added

in small portions. A vigorous reaction ensued and all of the tin dissolved.

A two-phase reflux was noticed, and after the reaction slowed a Dean-Stark

trap was Inserted between the pot and the reflux condenser. A dense, mobile

lower phase of volatile product was collected by applying heat to the reaction

flask. The crude product was separated, dried over CaC1 2 and examined by FMR

spectroscopy. It was found to consist of essentially pure CF3CF2CF2 (CF 3)2CH,

recognizable by the distinctive splitting pattern of the geminal CF  groups

coupled to the lone hydrogen. No signal for geminal CF 3 's in the place *ex-

pected for the amine could be detected. The yield of crude C 6F13H was 23.4 g.,

68%.

.
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28. Attempted Preparation of 2-Tert-butoxy-perfluoro-2-
	

WPL-AR-37)

methylpentane

CF3CF2CF2 (CF 3 ) 2COH + (CH 3 ) 2C=CH2 	 _0 A--a CF3CF2CF2 (CF 3)2COC(CH3)3

Twenty five point one (25.1) g (0.0747 mol) of periluoro-2-methyl-2-

pentanol was placed in a length of 15 mm Pyrex tubing closed at one end. The

tube was cooled to -78 and 4.96 g of isobutene (0.OR84) condensed in. The

tube was sealed and let warm to room temperature. The mixture was homogene-

ous. After 24 hours the tube was chilled, opened, and let warm back to room

temperature. In the process, most of the isobutene boiled off. A PMR spec-

trum of the mixture immediately after warming showed no evidence of the desir-
ed -OC(CH3 ) 3 singlet. After 24 hours at room temperature in the narrow-necked
tube the net weight of the contents was 25.55 g.
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29. Attempted Preparation of Perfluoro-2-methyl-2-pentanol	 (JPL-AB-38)

by direct 02 oxidation of Perfluoro-2-methyl-2-pentyl potassium

(CF3 ) 2C=CFCF2CF3 + KF + 02	
MP	

CF3CF2CF2(CF3)2C-011
PO'

Sixty one point four (61.4)g (0.205 mol) perfluoro-2-methyl-2- pentene, 20

g (0.344 mol) anhydrous KF and 100 ml N-methyl-2-pyrrolidinone were combined

in a 500 ml pressure bottle and stirred magnetically. Air was displaced from

the bottle by repeatedly filling it with 0 2 to 25 psig and releasing the

pressure, then the bottle refilled with 25 psig of 0 2 and stirred at room

temperature for 22 hours. No significant pressure drop occurred. The pres-

of the carbanion was confirmed by adding 25 ml of ethyl bromoacetate

(0.226 mol) and stirring long enough for the reaction to go to completion.

The mixture was worked up in the usual way and the known CF 3CF2CF2
 (CF 3)2

CCH2CO2C2H5 isolated in 81% yield (67.4 g); no signals consistent with CF3CF2

CF2 (CF 3 ) 2COCH2CO2C2H5 , the product which would have been expected from the

desired alcohol, could be detected in the FHR spectrum of the crude ester.
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30. 3,3-Bis(trifluoromethyl)-4,4,5,5,6,6,6-Heptafluorohexanoic 	 (JPL-AB-39)

acid

85% KOH

	

CF3CF2CF2C(CF3 ) 2CH2COOH	 CF3CF2CF2C(CF3)2CH2000C2H5

C2H5OH

The ester, (JPL-AB-24) 68.4 g (0.16 moles) was saponified with a 20%

excess of KOH (pellets) in 100 ml 84% ethanol. After stirring at room temper-

ature for 48 hours, the solution was diluted to 500 ml with water and extract-

ed with ethyl ether. The aqueous layer was acidified with HCl to — pH 2. The

oil which separated was extracted with ether, the extract washed with water,

dried over HgSO4 , and evaporated on the rotary evaporator. The yield of crude

acid was 52.7 g, 83%. An analytical sample was obtained by suspending the

acid in hexane, cooling the suspension to -20°C and filtering off the crystal-

line product. JPL-AB-39 is a new compound.

Calculated For: C8H1302 (378.104): C, 25.41%; H, 0.79%.

Found: C, 25.32%; H, 0.97%.
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31. 4,4,-Bis(trifluoromethyl)-1,1,1,2,2,3,3,-heptafluoro-6-

octene

(JPL-AB-40)-19

KF,NaI

(CF 3 ) 2C=CFCF2CF3 + CH3CH=CHCH2C1 - CF3CF2CF2C(CF3)2CH2CH=CHCH3

DMA

R.T.

A one-liter 3-neck flask was charged with 40 g of dry, ball-milled KF and

500 ml of dry dimethylacetamide. The mixture was stirred magnetically and

134.6 g (0.449 mol) of perfluoro-2-methyl-2-pentene and 54.3 of technical

"crotyl chloride" (0.60 mol), consisting of approximately 80% CH3CH=CHCii2C1

and 20% CH3CHCICH=CH2 , added. The flask was stoppered and let stir at room

temperature. After 17 hours stirring was stopped and the lower phase examined

by FMR; only starting perfluoroolefin was present. Sodium iodide (5 g, 0.033

mol) was added and stirring was resumed. The lower phase was examined again

24 hours later; this time the reaction was essentially complete, the FMR

spectrum of the starting perfluoroolefin having been replaced by the charac-

teristic multiplets of the periluoro- tent-hexyl group. After three more hours

of stirring 75 ml of morpholine was added to destroy unreacted crotyl chloride

and a.iy remaining perfluoroolefin, and the mixture stirred overnight at room

temperature. After 18 hours, the reaction mixture was poured into ca. 1.5

liter of water; the lower fluorochemical phase was separated and washed once

with a solution 3 M in HC1 and 0.5 M in H 3BO3 . The total crude product weigh-

ed 130.4 g, 77.7%, and was substantially pure as judged by FMR and PMR

spectroscopy. Before hydrogenation, the crude product was dried over CaC12,

3

	

	 distilled at aspirator pressure, let stand overnight over solid KOH and dis-

tilled again. JPL-AB-40 is a new compound.

Calculation for C10H7F13 (374.14): 	 C, 32.10%; H, 1.89%; F, 66.01%.

Found: C, 32.22%; H, 2.01%.
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32. 4,4-Bia(trifl • .tromethyl)-1,1,1,2,2,3,3-heptafluoro-6-	 (JPL-AB-41)

methyl-6-heptene

KF,NaI

(CF 3) 2C=CFCF2CF3 t C1CH2C (CH 3 )=CH2 - CF3CF2CF2 (CF 3 ) 2CCH2C (CH 3)=CH2

DMA

R.T.

Dry, finely ground potassium fluoride (40 g), dimethylacetamide, 500 ml,

perfluoro-2-methyl-2-pentene, 125.6 g (0.419 mol), and 3-chloro-2-methyl-l-

propene, 55.6 g (0.613 mol) were combined and stirred at room temperature. No

evidence of product formation was found after 17 hours, so 5 g of NaI was

added and stirring continued. After 24 hours more the reaction was judged 29%

complete. After a total of 350 hours, 50 ml of morpholine was added, and 24

hours later the reaction was worked up as in the preceding example. The yield

of crude distilled product, judged substantially pure by FMR and PMR, was

128.7 g, 82.1%. JPL-AB-41 is a new compound.

A sample was purified for analysis by preparative gas chromatography.

Calculated for 
C10H7F13 

(374.14): C, 32.10%; H, 1.89%; F, 66.10%.

Found: C, 31.94; H, 2.00.
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33. 2-(p-nitrophenylazo)-perfluoro-2-methylpentane
	

(JPL-AB-42)

(CF3 ) 2C=CFCF2CF3	+	 KF + p-N©2-C6H4-N2+BF4_

CF3CF2CF2 OF3)2C-N=N-C6H4-p-NO2

A mixture of 118 g perfluoro-2-methyl-2-pentene (0.392 mol), 45 g dry,

powdered potassium fluoride (1.78 mol) and 500 ml of dry dimethylacetsmide was

cooled to -16°C and stirred under a blanket of nitrogen while 93 g (0.393 mol)

of p-nitrobenzenediazonium fluoroborste was added in small portions. Stirring

became difficult as the mixture became porridge-like, and the temperature was

let rise to 0° by the end of the addition. After stirring about 0.5 hour

more, the mixture was filtered by suction, and the flacw and filter-cake

rinsed well with ether. Water, ca. one L, was added to the filtrate, and the

product was extracted into ca. one L of ether, including the washings above.

The ether extract was washed with 5% potassium hydroxide solution several

times, once with dilute sulfuric acid, once with saturated brine, dried over

CaC12 , and taken to dryness in vacuum. The crude azo compound was a red

orange oil weighing 151 g, essentially pure by 19F amr, 82% yield.

The product (4.9 g) was purified by column chromatography. The column (1

x 30 cm) was packed with Silica Gel 60; 70-230 mesh, EM Reagents-Catalog Nr

7734.

The product was eluted with petroleum ether and twenty 10 ml fractions

were collected. Fractions 7 through 12 were combined and evaporated to dry-

ness to yield 1.26 g of oil. A sample was further purified for analysis by

crystallizing the oil from cold (-30°C) petroleum ether. JPL-AB-42 is a new

compound.

Calculated for: 
C12H4F13N302 

(469.17): C, 30.72%; H, 0.86%; N, 8.96%.

Found: C, 30.44%; H, 0.92%; N, 9.66%, 10.03%.

1

I
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SECTION IV

PHYSICAL CHARACTERIZATION

In this section the various methods of physical characterizations used

during the second year of the effort are described. The previously reported

numerical methods for the calculation of physical properties of fluorocarbon

materials (Reference 20) were upgraded. In the following subsections, results

using these upgraded methods and the contributions of technical material by

the University of Southern California, Rockwell International Science Center,

and the University of Utah Research Institute are described. Supporting data

and information are presented he re and in the pertinent app-radixes.

A. ESTIMATION OF HEAT OF VAPORIZATION FROM BOILING POINT DATA 4HILDEBRAND'S

RULE)

Reevaluation of Hildebrand's Rule for the estimation of heats of vapor-

ization of fluorocarbons from boiling point data: from the boiling point (TB

at 760 mm Hg), the heat of vaporization (AH v) may be estimated by means of the

semiempirical Hildebrand's rule (Eq. 1 and 2).

AH- -2950 + 23.7 Tb + 0.020 Tb2	 (1)

K

or in terms of the boiling point at 760 mm Hg:

-23.7 + (651.7 + 0.08 (2950 + AHv)]1/2	 (2)

Tb	 0.04

It was pointed out to us by Prof. R. L. Scott (UCLA) that Hildebrand and he

did not include fluorocarbon data in the original rule (:q. 1 and 2) because

of a lack of reliable data ( 1,.950). The data in the literature since 1950 is

extensive enough to 	 low us to compute a new relationship for fluorocarbons

which is:

AHv = 0.0724 T b 2 -17.17 T, + -5309
	

(3)
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Figure 4-1. Plots of Hildebrand rule (curve B) and

that of Perfluorocarbon Materials (curve A).
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In terms of the boiling point:

+17.17 + [294.9 - 0.2896 (5309 - AHv)J1/2

Tb	 0.1448

Equation (3) is a least-squares computer curve fit based on 19 fluoro-

carbons whose 
AHv298 

and boiling point values were found in the literature or

calculated by us from vapor pressure-temperature data. The 19 compounds

include straight chain fluorocarbons, one substituted C 4 ring, one C5 ring,

two substituted C6 rings, one decalin, one substituted decalin, and two per-

fluoro tertiary amines.

Figure 4-1 is a plot of both Equations (1 and 3). As ci%n be noted,

fluorocarbons have a higher heat of vaporization than hydrocarbons on a boil-

ing point basis. This is especially true in the lower AH v
298 

range (5,000 -

9,000 cal) after which the fluorocarbons parallel the hydrocarbons fairly

closely.

B. ESTIMATION OF PROPERTIES BY GROUP ADDITIVITY METHOD

Estimation of solubility parameters And molar volumes by the group addit-

ivity method: our previous group contributions for the energy of vaporization

(Ae i ) and molar volume (Av i ) have been re-examined using the new form of

Hildebrand's rule for fluorocarbons (Eq. 3).

In formulating a group additivity system, it is desirable, to have energy

of vaporization (AE 
v298) 

and density data on a large variety of homologous

compounds from which the individual group contributions can be calculated.

Research uncovered 19 fluorocarbons whose 
AHv`98 

or vapor-pressurejtempereture

data appeared good. But, operating on the assumption that Equation 3 is a

good first approximation to estimating AH v
298 

for a large nu.nber of compou,ids

since a great amount of boiling point data is availalle for fluorocarbons in

the literature.

(4)
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Thus, by taking the boiling points for perfluorobutane and perfluoro-

pentane one can calculate their individual Ni 298 which can be used to cal-

culate AEv298 
(AE v298 2;Mv298 -RT). The difference between the two AEv298

values is the group contribution of a -CF 
2' 

to the energy of vaporization. By

using the boiling points for the straight chain fluorocarbons from C3-C13 one

can get 10 values for the Ae i of -CF 
2- 

which can then be averaged.

CF3CF2CF2CF3	 CF3CF2CF2CF2CF3

b.p. = 271.9°K	 b.p. = 302.5°K

av298 = 5991 cal/mole	 AHv298 = 6738 cal/mole

AEv
298 

= 5399 cal/mole 	 AEv298 = 6146 cal /mole

6146 - 5399 = 747 cal/mole for -CF 2-

Also, from the density data, one can calculate the molar volume, V cm 3/

mole, (V = MW ) and analogously get the group contribution of a

D

_CF 
2- 

to the molar volume.

CF3CF2CF2CF3	CF3CF2CF2CF2CF3

D 2 = 1.527 g/cm3	D25 = 1.604

MW = 238.03	 MW = 288.04

V = 155.9 cm3/mole	 V = 179.6 cm '/mole

179.6 - 155.9 = 23.7 cm 3/mole for -CF 2-

Table 4-1 contains a list of the fluorocarbon group additivity values

.+. calculated by us and the hydrocarbon values published in a paper by R. F.

Fedors (Reference 7). (Polymer Enginering and Science, 14, 147-153, 1974.).

Table 4-2 gives a summary of the physical properties of these materials.

4-4	

C -



Table 4-1. Group Contributions to the Energy of Vaporization and Molar

Volume at 25°C

Group	 AEA 	 Cal/Sol	 V CO3/001

CF3- 1933 54.8

-CF 2- 783 23,1

-CF- -396 -15.0

-CFH- 422 18.6

-C- (Perfluoro) -1515 -38.3

-0- (Ether) 8 19.0

-N- (30 Amine) -914 16.3

Ring:	 5 atoms 2023 37.7

Ring:	 6 atoms 2272 39.9

(CF 3 ) 3C- 4284 126.1

CF3CF2CF2C(CF3 ) 2- 5850 172.3

CH3 - 1125 33.5

-CH 
2-

1180 16.1

-CH 820 -1.0

i
-C-

i
350 -19.2
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C. ESTIMATION BY USE OF SATO EQUATION

Estimation of vapor pressures by use of the Sato Equation (Hydrocarbons

and fluorocarbons): materials that have high vapor pressures tend to have

adverse physiological effects when used in artifical blood substitute formu-

lations. Therefore, it is desirable to have some method of predicting the

vapor pressure before synthesis is attempted.

K. Sato has pointed out that the molar entropy of vaporization (ASvI of

normal (i.e., non-polar) liquids is related to their vapor pressures P (in M.
Hg) at given temperatures as follows:

	

©Sv 
= AHv = aR(T) 0-1	 (5)

This relationship was derived from Hildebrand's general rule that compounds

have equal ASv 's at equal vapor densities. To make it more useful Eq. 5 , was

recalculated in terms of P (pressure in mm Hg):

1

1AHv P-1	 (6)
P = TVaRT)

K. Sato, however, calculated the constants a and 0 based on the vapor pres

sure/ temperature data for ten hydrocarbons. We essentially duplicated Sato's

calculation with ten fluorocarbons and determined new a and P values which

match the literature values for the vapor pressures of fluorocarbons much more

closely than Sato's original values. Sato's constants for hydrocarbons and

our values for fluorocarbons are:

Hydrocarbon	 a = 11.8822	 = 0.8810 (Sato's values)

	

Fluorocarbon or = 12.2497	 = 0.8846

Table 4-2 presents the calculated vapor pressures of some fluorocarbon and

hybrid-fluorocarbon materials and, when available from the literature, their

measured vapor pressures. The accuracy is good enough to make decisions on

the feasibility of use as an artificial blood substitute.

Table 4-3 gives a summary of the physical properties of these materials.

4-6
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D. EMULSION STABILITY CRITERIA (ROCKWELL INTERNATIONAL SCIENCE CENTER)

For the stabilization of fluorocarbon emulsions for artifical blood

substitute applications, a number of nonionic emulsifiers were investigated.

Stabilization characteristics were described largely in terms of empirical

observations. Consequently, the optimization of new fluorocarbon-emulsifier

systems requires extensive experimentation. The purpose of this research was

to attempt to provide a basis for the development of quantifiable physical/

chemical criteria for the stability of artifical blood emulsions and thus aid

in the design and optimization of new systems (see Appendix B).

This study focused on the role of interfacial phenomena between the

fluorocarbon and the aqueous phase. Inasmuch as stabilization with nonionic

macromolecules is controlled primarily by dispersion and polar intermolecular

forces, rather than by the electrostatic effects which control ionic surfact-

ants, our investigation was limited to the fluorocarbon-surfactant water

system in the absence of electrolytes. Although effects of electrolytes

should be investigated as an extension of this study our overall conclusions

should not be affected. The fluorocarbons studied were perfluorotributylamine

and perfluorodecalin; the surfactant was Pluronic F68 (Wyandotte Chemical

Corp.), a commonly used surfactant for artifical blood formulations.

Fluronic F68 is an A-B-A triblock copolymer with A=polyethylene oxide

(PEO), and B=polypropylene oxide (PPO). In this type of surfactant, B is the

segment which is anchored to the fluorocarbon; A is the stabilizing segment

which is highly soluble in water, i.e., the dispersion medium. Results of

quantitative measurements of interfacial tension and surface energetics analy-

sis are detailed in the subsequent section, along with the description of a

model for micelle formation. This discussion provides an interpretation for

the observed decrease in interfacial tension between the fluorocarbon and the

aqueous phase and for the oncotic pressure effect that has been observed for

the Pluronic emulsifier. The discussion in the remainder of this section is

based entirely on data from the literature, and hence is only qualitatively

correct. The stabilizing effect depends on the solution thermodynamics of

PRO. It has been established that the thermodynamic theta-temperature (i.e.,

temperature of incipient precipitation for infinite mol wt polymer) for the
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stabilizing segment is nearly identical to the critical flocculation tempera-

ture for the emulsion. Addition of electrolyte tends to raise the theta-temp-

erature. This suggests that in the absence of electrolyte the emulsion should

be stable in the range between room temperature and body temperature, but that

once the emulsion is adjusted to physiologic conditions it may become unstable

at ambient temperature.

Particle size should be minimized in order to allow passage through

capillaries in the circulatory system and to enhance gas exchange. It was

observed, however, by Geyer that if the particle size gets below about 300-500

9, viscosity increases dramatically. The viscosity of an emulsion depends on

the volume fraction of the dispersed phase and on inter-particle interactions.

If one assumes that the Pluronic PPO segment is strongly absorbed on the

fluorocarbon particle, and assuming as a lower limit to the thickness of the

hydrated PEO layer its theta-dimension, one arrives at a thickness of about 50

for PEO mol wt 3,500. It is common practice to have the initial emulsion

(prior to adjusting for physiologic conditions) contain about 20-24 wt% fluoro-

carbon, which translates into about 12 vol%. However, if one considers a 300

particle size, the PEO 50 R layer would increase the volume fraction to

nearly 30%, whereas for large particles the volume fraction increase would be

negligible. A large increase in viscosity for comparable particle size-vol-

ume-fraction ranges was reported for latex suspensions. To derive a quantita-

tive viscosity-particle size relationship, the determination of a scaling

parameter to account for interparticle interactions would be required.
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Table 4-2. Estimated Vapor Pressure for some Fluorocarbons at 25°C

IEST.	 2EST. LIT. 3EST. LIT.

COMPOUND	 AHV 
298	 BOILING BOILING VAPOR VAPOR

POINT POINT PRESSURE PRESSURE

@760mm @760mm @25°C @/T°C

CF3CF2CF2CF2CF3 6807 32 29 519 646/25

CF3CF2CF2CF2CF2CF3 7590 59 57 202 220/25

}- 8316 81 76 92 106/25

Q 9070 102 102 43 35/25

^' F 10608 141 142 11.1 6.6/25

11362 158 160 6.1 2.1/25

CH3CHF(OCF2CF(CF3 )1 2F 8782 94 104 57 56/37.5

(CF 
3 ) 2

CFO(CF2 ) 5CF3 9918 124 121 19.9 39/37.5

((CF3 ) 2CFOCF2CF2 1 2 10608 142 135 10.5 10/37.5

CF3CHF[OCF2CF(CF3 )1 3F 11110 152 152 7.4 10/37.5

CF3CHF(OCF2CF(CF3)1 4F 13438 201 194 1.4 1.9/27.5

[(CF3)2CFOCF2)412 13812 208 199 1.1 3/37.5

CF3CHF(OCF2CF(CF3 )1 5F 15766 244 224 0.4 0.4/37.5

(CF 3CF2CF2CF2 ) 3N 12524 183 174 2.6 2.5/37.5

^Y

1. Calculated from the values in Table I.
2. Calculated by equation 4.
3. Calculated by equation 6 using the values for fluorocarbons.
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E. TECHNICAL CONTRIBUTIONS

Technical contributions were made by the University of Southern Calif-

ornia. These were consolidated and made available to specialists in the field

through current literature (see Appendices C,D,E,F, and G).
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SECTION V

BIOLOGICAL EVALUATION

A. BIOLOGICAL SCREENING

Under contract with the Jet Propulsion Laboratory for "Synthesis and

Biological Screening of New and Improved Fluorocarbon Compounds for Use as

Artifical Blood Substitutes", the Utah Biomedical Test Laboratory (UBTL) as-

sumed responsibility for the biologic screening of new fluorochemical (FC)

compounds that were aynthesized by the Jet Propulsion Laboratory. The main

goal of the study was to test the premise that from the synthesis of novel

fluorocarbons, candidates for safe hemoglobin substitutes could be found, and

specifically to test each compound for gross toxicity and tissue retention in

mice. Results of the second year's study are included in the UBTL Report

(Appendix H).

B. TISSUE CULTURE EVALUATION

Tissue culture studies on 10 compounds were carried out by Professor

Geyer of Harvard University. The desirability of obtaining a baseline for

results from the overall program was agreed upon at the contractor's meeting

held at Air Products, Allentown, PA, May 1977. The results of Dr. Geyer's

tests are given given in Appendix I.

C. COMPUTER ANALYSIS

s A new computer program was submitted (for use with an HP-97 computer)

under the category name "Physical Sciences Chemistry". Given the chemical

structure of a fluorochemicsl, the program calculates certain physical char-

acteristics at 250C (see Appendix 1).

5-1
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APPSHDIX A

Noun TOXICITY TEST PROTOCOL

After the compounds are prepared for infra-peritoneal injection,
"Absorption Verification Studies" are performed as followst

Three mice for each compound are injected infra-peritoneal with
202 v/v arulsiun in a dose of 100 ml/kg of body weight. They are
observed continuously for the first half hour, than at least every
half hour until the and of the second hc:r for 2 hours and finally
every 2 hours through the 24th hour. A standard protocol for
observation of intoxicated animals is employed, and findings are
recorded on a check-off sheet. The mice are sacrificed after 24 hours
(unless they died earlier) and their peritoneal cavities washed for
recovery of the compound. This helps to establish whether lack of
mortality, when it occurs, is due to lack of toxicity or lack of
absorption.

If the mice die during this test, and if the controls do not, it
is assumed that the test compound was absorbed. However, the three
test mice do undergo the peritoneal wash.

After the peritoneal wash, one of the three nice is placed
immediately in formaldehyde for later histopathological study and the
other two undergo whole body homogenization so possible metabolites
can be extracted. The three control mice are injected with the P1-l68
solution (5.762).

if the mice do not die during the Absorption Verification
Studies, a new group of three mice is injected infra-peritoneally with
the some dose (100 ml/kg) of body weight and observed for 2 weeks for
death and/or toxic effects. Doses of 10 ml/kg and 1 =i/kg are also
administered. This is the Mouse Toxicity Test. If a test compound
passes this test, it is recommended for re-synthesis in larger
quantity, emulsification and in vitro blood testing before going to
the more complete exchange transf Goon (blood replacement) rat tests.
if death or toxicity occur during the ?louse Toxicity Test then other
doses will be considered, if additional toxicity data are deemed
desirable.
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By

D. N. Kaelble
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J. Moacanin
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ABSTRACT

The surface and interfacial tensions for fluorocarbon aqueous emulsions

used in artificial blood substitutes are evaluated over a wide range of

surfactant concentrations. The surface tension of the nonionic surfactant in

water is directly correlated to the interfacial tension between aqueous and

fluorocarbon phase by a surface energetics model of isolated dispersion and

polar contributions to interfacial work of adhesion and interfacial tension.

This study shows that the polymeric surfactant which is an A-B-A tribloek

copolymer where A - polye , thylene oxide and B - polypropylene oxide displays

prominent surface and interfacial tension transitions at c - 1.10 -7 and

c = 0.10 weight fraction detergent in water. The c - 10 -7 transition is

shown to produce a prominent change in the extensibility of the fluorocarbon

to water interface and formation of a strong interfacial film which enhances

emulsion stabilization.



INTRODUCTION

The first use of fluorochemical liquids to carry dissolved oxygen and

carbon dioxide in a liquid-liquid interface oxygenator was reported in 1965 by

Howlett, Dundos and Sabiston(1) . Clark and Gollan in 1966 showed that mice

could survive while fully immersed in oxygenated liquid fluorocarbon(2).

Clark and Gollan also showed in late 1966 that an isolated rat heart perfused

with a fluorocarbon emulsion would continue to function (3) . Geyer and

co-workers in 1968 used perfluorotributyl amine (FC 43 of 3M Co.) in water

emulsion as a blood substitute to maintain live rats in pure oxygen

atmosphere (4) . Geyer and co-workers have continued to develop better

f)-aorocarbon emulsions so that by 1974 a total blood replacement of rats had

been demonstrated (5 ' 6) . These rats survive in pure oxygen atmosphere while

rebuilding their material blood cells and serum proteins and continue to live

normally afterward.

The stabilization of fluorocarbon emulsions in blood or blood substitute

media remains as an important problem which has not been fully defined and

made subject of systematic study. The difficulty of other workers to

reproduce Clark's and Geyer's clinical survival rates appears traceable to

variability in the preparation and stabilization of the fluorocarbon

emulsion (7) . As defined by Geyer, the term "artificial blood substitute"

should be reserved for synthetic preparations that substitute for both red

cells and plasma proteins (8) Symbols and nomenclature for the principal

physical or mathematical terms used in this discussion are summarized in

Table 1.
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Current Concepts for Emulsion Stabilization

A general discussion of emulsion stabilization by Schnolka enumerates

the following factors which enhance emulsion stabilization in artificial blood

substitutes($):

1. Reduction of interfacial tension.

2. Formation of a strong interfacial film.

3. Relative partial solubility of the surfactants in the two phases.

4. Surfactant, chemistry relative to the two phases.

5. Formation of an electric double layer.

The high molecular weight Pluronic® (Wyandotte Chemical Corp.) surfactants

were discovered by Geyer to be highly effective fluorochemical emulsifiers for

artificial blood (5,6) . The optimum emulsion has a maximum particle size of

less than one-half micron diameter to permit easy passage through the smallest

capillaries ($) . The most widely used surfactant is Pluronic ®F68 which

is an A-B-A triblock copolymer with A = polyethylene oxide (PEO) (segment

molecular weight MA = 3500 gm/mol) and B = polypropylene oxide (PPO) (MB =

1750 gm/mole) with the following structural formula(9):

HO(CH2-CH2-0)a-(C 
I 
H-CH2 -0) b (CH2-CH2 -0) aH	 (1)

CH 

where the number of segment repeat units are 4 -, 75 and b - 30.

The discussion of Schnolka (9) indicates that the HLB index (HLB =

Hydrophile Lipophile Index) is used as a basis for selecting emulsifiers and

defining stability of fluorochemical emulsions. Inspection of the HLB index

'	 as detailed by Griffith (10) shows that this system is empirically based and
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highly subjective in application. The HLB system states that surfactants with

low HLB values will tend to form water in oil (W/0 emulsions). Conversely, a

surfactant with high HLB value should form oil in water (0/W) emulsions. For

nonionic surfactant, such as Pluronic® F68, the HLB number appears to

merely indicate the weight fraction of the hydrophilic portion of the

molecule. Evidently, the current theory of emulsions and HLB criteria for

emulsification require some refinement for application in artificial blood

substitutes.

A coherent explanation of the well documented biocompat' libility and
emulsification efficiency of the Pluronic ® F68 block copolymer surfactant

presents a major test of the theory of emulsions. Kaelble and Moacanin(11)

have recently applied a surface energetics analysis which isolates competing

hydrophobic (dispersion-d) and hydrophilic (polar-p) mechanisms of bonding to

redefine bioadhesion and thromboresistance for both biological and

cardiovascular implant surfaces. Nyilas and co-workers (12) , have also

applied an analysis using separated dispersion 
yd 

and polar -f p components
of implant surface tension to analyze for cardiovascular compatibility. This

recent approach to the present adsorption theory analysis of bioadhesion

applies the new concept of defining the interfacial tension between phases i

and j by the following general relation for interfacial tension (11,13):

7 ij = (a i - ^) 2 + (pi-,,)+ ^,ij
	

(2)

where a = ,r- d and P= fy P denote the respective square roots of the

dispersion-d and polar-p parts of surface energy and ,ij describes
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interactions defined by ionic-covalant bonding theory. A related detailed

equation for interdiffusion bonding presents the following relation for

interfacial heat of mixing AH ij as follows (13):

AHi j = ^ ij 400 
[(Sl_ 

) 2 + (s)2
1 8

1 p-Si + (Si-S^ 2)+ Aijl	 (3)

where Vij is the mixing volume and ^6 i , Oj the volume fractions of the

mixed components from the adjacent i and j interfacial phases. The solubility

parameters Fd , s p , and S h for phases i and j define the respective

dispersion (d), polar (p), and hydrogen bonding (h) mechanisms of mixing and

Aij denotes an excess term describing ionic-covalent bonding. The formation

of stable micro emulsions (of particle size µ :<_0.5 micron) is predicted to

require the minimization of both Yij and A H ij . As mentioned above,

Eq. (2) has been successfully applied in earlier studies to determine surface

energy requirements for thromboresistance
(11.12)

. The solubility parameters

described by Eq. (3) have been extensively applied by Hansen (14) in

empirical definitions of polymer solubility.

Water is by far the most important single substance encountered in

bioadhesion and biocompatibility. In Eq. (2) the surface tension of water

(at 20 C) is described by «,/3 = 4.67, 7.14 (dyn/cm)^ in bioadhesion

analysis	 InIn Eq. (3) the solubility parameters for water of S d,

gp , & h = 6.0, 15.3, 16.7 (cal/cc)^ are assigned by Hansen (14) . Thus

both the surface energy Yd and the bulk cohesive energy density S 2 for

water are dominated by polar-p or hydrogen-h bonding contributions. The

primary objective in this study of emulsion stabilization in artificial blood
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is to delineate the role of the PluronicO F68 surfactant in stabilizing the

aqueous emulsion of perfluorotributyl amine and perfluorodecalin.

EXPERIMENTAL

Control materials for this study were kindly provided by D. 0 Lawson

and T. Terranova, JPL, and are described in Table 2. 	 In this study the usual

electrolytes and buffers described by Geyer
(8)
 in fully formulated

artificial blood substitutes are excluded in order to focus the analysis on

the interaction between water, Pluronic@ F68 surfactant, and fluorochemical

components.

A water solution of Pluronic F68 was coated on a glass plate and dried

to form a smooth adherent film. 	 This solid film of Pluronic@F68 was

characterized by contact angle measurements with both interdiffusing liquids

such as water and absorption liquids such as 1-bromonapthalene and

h-hexadecane.	 A standard set of test liquids with measured surface tension

reported in Table 2 were employed. 	 The following equations for absorption

interactions are applied in data analysis(14):

L = Y L d + YLP .	
L 
2 +Q L22	

(4)

Ys 0 'Ys d + YS P =
	

s 2 + R s 2	 (5)

W a = Y L (1 + cos (9 )	 ( 6)

Wa = 2(aL as 
+ t3 L Ps)	 (7)

a = ck	 + '8	 (8)s S
L
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where the nomenclature of Table 1 details the meaning of terms in Eqs. (4-8).

The above relations form the basis for designing experiments for surface

energy analysis which isolate the discrete mechanisms of polar and dispersion

bonding at interfaces. The test liquids in Table 3 display a wide range of

polar character with PL/aL - 1.53 for water to (3 L/aL = 0 for nonpolar

hexadecane. Inspection of (8) shows that using measured values of W  for

liquids of known aL and 
'8L 

permits isolation of the solid-vapor surface

properties a s and ,3s as the respective intercept and slope of a plot of

Wa/2aL vs. 0 L/aL.

For interdiffusing test liquids such as water on dry PluronicOF68

coatings a time dependent contact angle 0 t is displayed which reaches a

minimum steady-state value 8 as shown in Fig. 1 as the interdiffusion process

approaches an equilibrium at the advancing contact angle boundary. As shown

in Table 3 and Fig. 2 a group of interdiffusing liquids show nonpolar solid

surface properties as = 4.8 and AS = 0 for Pluronic®F68 coating. Polar

liquids which interdiffuse into the coating impact their own polar surface

properties to the swollen coating. As shown in lower Table 3 and the upper

curve of Fig. 2 the extensive interdiffusion of water into the Pluronic®

F68 coating shifts the solid surface properties a s = 4.8 (dyn/cm)^ and

,3s = 6.91 (dyn/cm)^ to become essentially equivalent to bulk water. The

transformation of surface properties shown for water interdiffusion correlates

with the molecular micellular structures shown in Fig. 3 where the dry

Pluronic® F68 film would expose the nonpolar and hydrophobic PPO center

.^	 segments to the air phase as shown in the left view. Upon water swelling the

hydrophobic center segments form small spherical domains where the highly
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swollen PEO end segments are now exposed to air. Recent surface energy

analysis of protein analogs by Kaelble and Moacanin (11)
 shows that values of

as and 8 are sensitive indicators of prior exposure to polar or nonpolar

liquids whim modify the protein chain conformation and surface chemistry.

Sherman, Smith, and Johannessen (15) , postulate somewhat similar micellular

transitions for block copolymer fluorochemical textile finishes which contain

hydrophilic PEO center segments under exposure to water swelling.

The surface energy and surf ace morphology transitions shown respectively

'	 in Fig. 2 and Fig. 3 for PluronicVF68 should be expected to play an

important role in the mechanism by which this nonionic surfactant forms stable

fluorochemical emulsions. For combined surface and interfacial tension

r	 studies of artificial blood components the special Ou Nuoy ring experiment

shown in Fig. 4 was developed and applied. As shown in Fig. 4 the upper

liquid phase is triple distilled water plus solvated Pluromic\-"'^F68

(phase 1) while the lower liquid phase is fluorocarbon. Water or water plus

Pluronic®F68 forms a zero contact angle to the flame cleaned

platinum-iridium ring in both air and fluorocarbon. The ring is raised at

constant rates y = dy/dt - ± 0.05, ± 0.1, and ± 0.5 cm/min to measure phase 1

surface tension 
Ylv 

and lowered through the 12 interface to measure

interfacial tension 
Y12. 

Phase 1 is then removed to measure phase 2 surface

tension 
Y 2 by raising the ring through the phase 2 surface. Counterweight

(CW) as shown in Fig. 2 is added to ring to offset the bouyancy effect of the

more dense fluorocarbon phase 2 on the measurement of Y 12 interfacial

tension.
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These interfacial tension measurements implemented the programmed

mechanical control and automated weighing system of an Instron TT-M tensile
0

testing instrument. Tests were conducted at ambient temperature 22 + 0.5 C

and a ring translation rate y = dy/dt = ± 0.10 cm/min with alternative rates

of y = ± 0.05 and + 0.5 cm/min reserved to check for rate dependence of

surface or interfacial tension values. Measurements of 
Y1V' Y12, and

Y2V were conducted for a wide range of solution concentrations defined as

c = weight fraction PluronicdF68 in distilled water. A series of typical

recorded curves of Du Nuoy ring force versus deflection through the phase ]2

interface at different concentration c levels of Pluronic®F68 in distilled

water are shown in Fig. 5. The conversion of these measured force versus

deflection data to calculated values of surface or interfacial tension Yii

utilizes the standard correction factors of Haskins and Jordon as extended by

Zuidema and Waters in the following relations(16,17):

M F
Yi j =	 = PF	 (8)

F a+ OP	 + cr+d
	( irR̂ 	 (9)

It should be noted that Eq. (9) and Eq. (10) are ordinarily applied in the

lifting of an interfacial or surface film against gravity where the algebraic

signs of the vector quantities F and g are considered positive. In the

measurement of Y12 described in the present study wherein the ring is

lowered through the 12 interface the algebraic signs of both F and g are
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negative and the meaning of Eq. (9) is unchanged. In Eq. (9) the general

definition of densities 0 and d in Table 1 define the respective receding and

advancing phases relative to directions of ring motion which correctly reverses

the sign of the density difference (D-d) to correlate with the algebraic sign

of P. These definitions define both the lifting and lowering of the Du Nouy

ring for respective surface and interfacial tension measurement.

Multiple autographically recorded measurements of the ring force versus

ring deflection were recorded at each concentration level of surfactant. The

curves of Fig. 5 show a regular rise in m to a maximum value -m - M where , by

definition, both m and y become negative for interfacial tension measurement

which involves ring lowering. Curves as shown in Fig. 5 are extremely

reproducible and provide reproducible values of M well within + 0.5% variation

which represents the accuracy of Instron weighing system calibration and

recording. The maximum force values 
M1V 

and 
M12 

are converted by Eq. (9)

and Eq. (10) to the calculated surface tension Y 1V and interface tensions

Y12 values reported in the data summaries in Tables 4-6.

RESULTS AND DISCUSSION

The data of Tables 4-6 report the 
Y1V • Y12• 

and Y2V values measured at

constant displacement rate y = ± 0.10 cm/min. Higher and slower rates

y - + 0.05 and + 0.50 cm/min did not alter M over the range of surfactant

concentrations studied from values reported at y = ± 0.10. The curves of

A	 Fig. 5 reveal important information in addition to the maximum force M. At
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low surfactant concentration c <_ 1.0 . 10
-7
 the ring force deflections curves

display a characteristic maximum followed by well defined interface failure

with a rapid drop of deflection force to zero. At higher surfactant

concentrations as shown by c - 3 . 10
-6
 a definite interface ,yielding with

nearly constant m precedes interface failure. At still higher surfactant

concentration c - 1.0 . 10-4 the curves of Fig. 5 show a characteristic

maximum deflection force followed by extended deflection at essentially

-	 constant force without interface fracture. The transition in fracture

properties of the 12 interface with increasing surfactant concentration

appears associated with forrratiot of strong interface films.

The curves of Figs. "A more clearly delineate the effects of surfactant

concentration by plots of log c versus 
Ylv' Y120 and y2V . The sigmoidal

transition shown in the 12 curves of Figs. 6-8 at Pluronic@F68

concentrations log c - -7 to -5 are clearly associated with the transition in

the extensibility and fracture properties of the fluorocarbon to aqueous phase

interface. At still higher Pluronic®F68 concentrations of c - 0.1 to 1.0

curves of Figs. 6-8 show that the magnitude of Y 12 becomes less than the

fluorocarbon surface tension Y 2V and tends to decrease toward Y 12 3 0 as

Pluron16VF68 concentration increases to c - 1.0.

All surface tension measurements on the three fluorocarbons shown in

Fig. 6-8 showed no change in 
Y2V 

due to prior contact with either water or

aqueous PluronicOF68 solutions listed in Tables 4-6. This result is shown

by the flat dashed curves of Y2V in Figs. 6-8 and reflects the well known

incompatibility of inert fluorocarbons with either hydrocarbon or aqueous

phases.
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The upper curves of Figs. 6-8 show that the aqueous phase surface

tension YIY closely parallels the curves for 
Y12 

interfacial tension over

substantial portions of the wide range of surfactant concentration studied.

The end point of these upper .Y1V curves is shown in Figs. 6-8 to coincide at

c n 1.0 with the dispersion surface tension values Ys - 23.8 + 0.8 dyn/cm

determined for solid firs of pure Pluronic@F68 in the data analysis of

Table 3. The extrapolated end point of 
*f122' 

0 at c a 1.0 is developed

through analysis of the relation of Y 12 to Y1Y in terms of the dispersion

and polar definition adsorption bonding as expressed in Eq. (2). A simple

model for the aqueous phase surface tension first assumes that Yd
IV

21.8 + 1.0 dyn/cm is essentially independent of of Pluronic F68

concentration so that:

«2 ; 21.8	 (10)
1

Q 1 ` Y
IV - 21.8	 (11)

A second assumption for the fluarocarbon phase 2 would assume a negligible

polar contribution to surface tension so that 
Y2V ' 0 and the surface tension

Y2, is described by the following relation:

a2 ` Y2V	
(12)

02 = 0	 (13)

Introducing the above relations in Eqs. (10-13) into Eq. (2) provides with

rearrangement the following special relatic--:
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(14)

O2 Y1Y - g1.8	 (15)

Rearranging Eq. (2) to solve for the excxss turn 12 and substituting

Eq. (14) and Eq. (15) provides the following relation:

Al2 
n 21.8 + Y12

-7
1V - Ic

 
67-(Y 20 2
	

(16)

Calculated values of '412 obtained by substitution of ex; 	 aental values of

Y12' Y1V' and Y2Y into Eq. (16) are tabulated in the right colums of

Tables 4-6 for each concentration c of Pluronic Q`F68 in	 The lower

curves of Figs. 6-8 plot these 6 12 values versus c for the three artificial
blood systems studied. These curves show that 

`112 
is generally low with

respect to measured values of surface and interfacial tension for all three

systems. In concentration regions where 
Y1V 

and Y12 display maximum

concentration dependence, at c .10'
7
 and 10-1 one notes in Figs. 4-6 that

412 maximizes for al'; three systems;

The low amplitude of 4 12 in relation to 
Y12' )'IV' 

and 
Y2V

reconfirms the validity of the dispersion and polar force model in the surface

energetics analysis of artificial blood. The maximum in b 12 at low

Pluronic®F68 concentration c .10-7 evidently correlates with the change
in interface deformation response shown in Fig. 5. The second maximum in

412 at high Pluronic(DF68 concentration c . 10-1 evidently relates to
the morphology transition shown in Fig. 3.

8-14
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A general study of the interdiffusion bonding and bulk solution

properties of Pluronic F68 in water appears as a logical extension to the

present study. The low concentration c = 10-7 inflection in 
Y1V 

and Y12

functions of Figs. 4-6, for example, are strongly suggestive of incipient

colloidal structure formation between the hydrophobic PP0 segments and

oriented absorption of these Pluronic` 468 center segments at the 1V

surface and 12 interface as described in the experiment of Fig. 4. In studies

of lyophilic sole formation by nonionic surfactants of the following

structure(18)*

Cm 
H2m+l 

V%N2 CH  0) n H	 (17)

it is shown that polymolecular hydrate shells are formed around colloidal

particles by oriented surfactant adsorption. The above alkyl ether of

polyethylene oxide is a simpler structure analog to PluronicG F68, see

Eq. (1), and suggests a similar result obtains in the fluorochemical emulsions

in artificial blood. Based on a hydrated polymolecular shell model for

emulsion stabilization the importance of the interdiffusion interaction of

Pluronic®F68 with the electrolyte and buffer, constituents of artificial

plasma formulations remains a subject of much more detailed study. According

to Geyer (8) typical electrolytes include NaCl, KC1, MgCl 2 or M9SO41

NaH2PO4 and CaC1 2 . Buffers such as bicarbonate, phosphate, lactate,

glucose and glycerol have been incorporated in some formulations.

The adsorption-interdiffusion theory which is briefly described in

Eq. (2) and Eq. (3) appears as only one form of a broad range of theoretical

}
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models for short and long range interfacial forces. As pointed out in a

recent review by Israelachvili and Ninhan (19) many theories are presently

competing as tools for interpretation of bioadhesion phenomena and current

theory of long range forces is presently in a very dynamic state of

development.

This study has focused on the role of interfacial phenomena between the

fluorocarbon and the aqueous phase. In as much as stabilization with nonionic

macromolecules is controlled primarily by dispersion and polar intermolecular

forces, rather than by electrostatic effects which control ionic surfactants,

our investigation was limited to the fluorocarbon-surfactant water system in

absence of electrolyte. Although effects of electrolyte should be

investigated as an extension of this study our overall conclusions should not

be effected. This discussion provides an interpretation for the observed

decrease in interfacial tension between the fluorocarbon and the aqueous phase

and for the oncotic pressure effect that has been observed for the Pluronic

emulsifier. It would appear from this study that important contributions to

the Pluronic F68 emulsion stabilizing effect depends on the solution

thermodynamics of PEO end segments. It has been established that the

thermodynamic theta-temperature (i.e., temperature of incipient precipitation

for infinite mol. wt. polymer) for the stabilizing segment is nearly identical

to the critical flocculation temperature for the emulsion. (21)
 Addition of

electrolyte tends to raise the theta-temperature for PEO from about 25 00 in

absence of electrolyte to about 400C in 0.4 M electrolyte; salts of divalent

metals raise the theta-temperature more than nonvalent metals. (22) This
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suggests that in absence of electrolyte the emulsion should be stable in the

range between room temperature and body temperature, but that once the

emulsion is adjusted to physiologic conditions it may become unstable at

ambient temperature.

Particle size should be minimized in order to allow passage through

capillaries in the circulatory system and to enhance gas exchange. It was

observed, however, by Geyer that if particle size gets below about 300-5004,

that viscosity increases dramatically. (23)
 Viscosity of an emulsion depends

on volume fraction of the dispersed phase and on inter-particle interactions.

If one assumes that the Pluronic PPO segment is strongly absorbed on the

fluorocarbon particle, then assuming as a lower limit to the thickness of the

hydrated PEO layer its theta-dimension, one arrives at a thickness of about

50A for PEO mol. wt. 3,500. It is common practice to have the initial

emulsion (prior to adjusting for physiologic conditions) contain about 20-24

wt% fluorocarbon, which translates into about 12 vol%. However, if one

considers a 300A particle size, the PEO 50A layer would increase the volume

fraction to nearly 30%, whereas for large particles the volume fraction

increase would be negligible. large increases in viscosity for comparable

particle size-volume-fraction ranges was reported for latex

suspensions. (23) To derive a quantitative viscosity-particle size

relationship the determination of a scaling parameter to account for

interparticle interactions would be required.

11-11
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SUMMARY AND CONCLUSIONS

This study shows that surface and interfacial tensions in artificial

blood systems (which exclude electrolyte and buffer constituents) are amenable

to surface energy analysis in terms of separated dispersion-d and polar-p

interactions as defined by Eq. (2). This result suggests that application of

separated dispersion-d, polar-p, and hydrogen-h bonding interactions as

expressed by Eq. (3) may be applicable in first approximation analysis of the

interdiffusion aspects of colloidal stability in artificial blood systems.

The Du Nouy ring experiment identifies several important attributes of

Piuronic^F68 effects on fluorochemical emulsion stability in water which

are:

1. At concentrations of Pluronic®F68 of c ? 1 . 10-5 weight

fraction the water-fluorochemical interface deforms without

r	 rupture. This formation of a highly deformable interfacial film

is accompanied by a reduction in interfacial tension which further

stabilizes the fluorocarbon emulsion.

2. Commercial artificial blood compositions (8) which employ a

weight fraction c - 0.02 to 0.04 of Pluronic®F68 in water

display a aqueous phase surface tension Yd , 22 dyn/cm and

Y1V y 20 dyn/cm which closely matches the solid surface

properties of adsorbed protein films deposited from blood on

implant surfaces (11) and thus may explain the biocompatibility

a	 of these emulsions.

8-18
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3.	 At normal Pluronic®F68 concentrations of c 0.02 to 0.04 the

interfacial tension Y 12 for the fluorocarbon in water slightly

exceeds the fluorocarbon surface tension and displays a highly

extensible interfacial film which appears to enhance emulsion

stabilization.

ACKNOWLEDGEMENTS

The authors wish to gratefully acknowledge the cooperation of L. W. Crane,

Science Center in data analysis and D. D. Lawson and T. Terranova, Jet

Propulsion	 "oratory for helpful discussions and provision of artificial

blood componen	 This research was supported by Contract NAS7-100,

Subcontract 954u50.

B-19



REF._._ RE S

1. Howlett, S., et al., "Fluid Fluorocarbon as Oxyenator in Experimental
Extracorporeal Circulation," Arch Surgery, 643 11965).

2. Clark, L. C. Jr., and Gollan, F., "Survival of Mammals Breathing Organic
Liquids Equilibrated with Oxygen at Atmospheric Pressure," Science, 152:
1955 (1966).

3. Golland, F., and Clark, L. C., "Organ Perfusion with Fluorocarbon
Fluid," The Physiologist. 9: 191 (1966).

4. Geyer, R. P., et al., " Survival of Rats Having Red Cells Totally
Replaced with Emulsified Fluorocarbon," Federation Proc., 27: 384 ( 1968).

5. Geyer, R. P., et al., "Successful Complete Replacement of the Blood of
Livin Rats with Artificial Substitutes," Federation Proc., 32: 927
(19733.	 '—

6. Geyer, R. P., "Bloodless Rats Trhough Use of Artificial Blood
Substitutes," Federation Proc. 29, 1499 (1975).

7. Maugh, T. H., Jr., "Perfluorochemical Emulsions: Promising Blood
Substitutes, Science, 179, 669 (16 February, 1973).

8. R. P. Geyer, "The Design of Artificial Blood Substitutes," Chap 1 in
Dw Design ( Editor: E. J. Ariens) Vol. 8, Academic Press, New York
^I7STpp 1-58.

9. Schmolka, I. R., "Theory of Emulsions," Federation Proc., 29 (5), 1717
(1970).

10. Griffith, W. C.,"Emulsions," in Enc. of Chemical Technology, 2nd Ed.,
Wiley, New York, (1965)m p. 117.

11. Kaelble, D. H. and Moacanin, J., "A Surface Energy Analysis of
Bioadhesion," Polymer, 18, 475 (1977).

12. Nyilas, E., Morton, W. A., Lederman, D. M., Chiu, T-H. and Cumning R.
D., "Interdependence of Hemodynamic and Surface Parameters in
Thrombosis," Trans. Amer. Soc. Artif. Int._Organs, 21, 55 (1975).

13. D. H. Kaelble, Physical Chemistry of Adhesion, Wiley, New York (1971),
pp. 76, 490.

i

B-2 0



14. C. M. Hansen, "The Universality of the Solubility Parameter,"
IbEC Product Research and Development, 8, (March 1969) pp. 2-11.

15. D. H. Kaelble, "Interface Degradation Processes and Durability," Polymer
Eng. and Sci., 17 (7).

16. P. 0. Sherman, S. Smith, B. Johannessen, "Textile Characteristics
Affecting the Release of Soil During Laundering," Textile Research, 39
(5), 449 (1969).

17	 W. D. Haskins and H. F. Jordon, A. Method for Determination of the
Surface and Interfacial Tension from the Maximum Pull on a Ring, J.
Amer. Chem. Soc., 52, 1751 (1930).

18.	 H. H. Zuidema and G. W. Waters, "Ring Method for the Determination of
Interfacial Tension," Ind. and Eng. Chem., Analytical Edition, 13 (5),
312 (1941).

19	 Y. Glazman and Z. Blaschchuk, "On the Mechanism of Lyophilic Sols
Formation," J. Col. and Interface Sci., 62, 158 (1911).

20. J. N. Israelachvili and B. W. Ninham, "Intermolecular Forces - The Short
and Long of It," Ibid., 58, 14 (1977).

21. D. H. Napper, "Steric Stabilization," J. Coll. Sci. 58, 390-407 (1977).

22. J. Brandrup and F. H. Immergut, "Polymer Handbook," Second Edition,
Wiley, New York, (1975).

23. R. P. Geyer, private communication.

B-21

}

J



YLV

YSV

aL , QL

Table 1: Nomenclature of Principal Symbols

Symbol
	

Meaning

D`s• fis

wa

Yi3

M

9

R

F

P

D, d

r

a, b, c, d

liquid-vapor surface tension

solid-vapor surface tension

square roots dof the respective (London)
dispersion YLV and (Keesom) polar

parts of 7 LV

square roots  of the respective (London
dispersion yd and (Keesom) polar
parts of YSV

nominal work of adhesion

steady-state advancing liquid-solid
contact angle

surface or interface tension

maximum ring force (gm)

980.665 dyn/gm

ring radius = 0.95413 cm

ring correction factor

Mg /4wR

densities of the respective receding and
advancing phases

ring wire radius = 0.01767 cm

constant: a = 0.7250, b = 9.075 10-40
c = -1.679, d = 4.534 10-2
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Table 2: Stugj Materials for Fluorochemical
Emulsions" in Artificial Blood

Material and	 Treatment	 Density 25 C (gm/cc)
Des igivat'ion

Perfluorotributyl amine	 None	 1.900
tech. grade (3M Co. FC43)

Perfluorotributyl amine 	 Distilled	 1.900
(JPL* 92077 control)

Perfluorodecalin PP-5	 Distilled	 1.946
(JPL* 91977 control)

Pluronic®F68	 Solid Flake	 1.060
(UBTL* 9777 control)

Water	 Triple Distilled 	 0.997

*JPL Jet Propulsion Laboratory, Pasadena, Ca.
*UBTL = Utah Biological Testing Laboratory, Salt Lake City, Utah
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Table 3:	 Contact Angle Measurement and Surfaces Energy

Analysis of Pluson1c%68 Cast Film (Test Liquid Properties from Ref. 14)

YLV B wa 2aL ^l/al
Wa/20L

No. Liquid	 (dg/cm de ) d	 /cm) d n/cm) (O	 /CM Is

1. Water	 72.8 10 144.5 9.34 1.53 15.47
2. Glycerol	 64.0 90 64.0 11.66 0.94 5.49
3. Formamide	 58.3 15 114.6 11.37 0.90 10.08
4. Ethylene glycol	 48.3 32 89.3 10.83 0.81 8.25
5. 1-bromonapthalene	 44.6 65 63.5 13.36 0.00 4.75
6. Glycol PG-E200	 43.5 41 76.3 10.62 0.74 7.18
7. Tricresylphosphate	 40.9 41 71.8 12.52 .21 9.73
8. Glycol PG-15-200	 36.6 76 45.5 10.20 .64 4.46
9. Glycol PG-1200	 31.3 56 48.8 9.90 .53 4.93
10. n-hexadecane	 27.6 32 51.0 10.51 .00 4.85

Solid surface energy (based on liquids No. 2,5,8 „9,10)

as = 4.90 ± 0.38, /3s = 0.00 (dyn/cm)k

Yd$ - 24.9, YS = 0	 Ys = Y d + Yp = 24.9 (dyn/cm)

Solid surface energy with water interdiffusion (based on liquids

No. 1,5,10)

as = 4.80 ± 0.05, /is = 6.97 ( dyn/cO

Ys = 23.0, ys = 46.6, Y = Yd + Y P = 71.6 ( dyn/cm)
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Table 4: Surface and I nterfacial Tensions of
Phase 1 - Pluronic F68 in Distilled Water and
Phase 2 - FC43 (3N o.) Tech-Grade Perfluoro-
tributylamine

c 1
(dynlcm)

y12
(dyn,/cm)

Y,?V
(S-Yn/cm)

41	 ca c
fin/cm 

0 72.4 53.2 17.5 2.4

3, 10-9 70.1 51.1 2.6

1 . 10-8 69.4 50.8 3.0

3 . 10-8 69.3 51.7 4.0

1 . 10- 7 62.9 50.5 9.2

3 . 10-7 58.2 47.5 10.9

:•10-6 56.6 37.6 2.6

3 . 10-6 54.4 34.5 1.7

1 . 10-5 52.1 32.2 (Constant) 1.7

3 . 10-5 50.5 30.1 1.2

1 . 10-4 48.9 29.8 2.5

3 . 10-4 48.6 27.6 0.6

1 . 10-3 46.5 26.4 1.5

3 . 10-3 45.9 26.0 1.7

1 . 10-2 43.7 24.3 3.2

3 . 10-2 42.3 23.0 2.3

1 . 10- 1 35.6 21.0 17.5 7.0
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Table 5: Surface and InterfaqLal Tensions of
Phase 1 = Pluronic UK F68 in Distilled Mater and
Phase 2 M Perfluorotributyl amine ( JPL* 92077)

r

C (dyn/^cm) (dyn/; (nYntRU
al

d`n/dp^

0 72.6 55.3 17.6 4.3

3 . 10-9 72.6 53.8 2.8

1 . 10-8 70.1 53.9 5.4

3 . 10-8 61.3 53.9 8.2

1 . 10-7 61.7 53.1 13.0

3 . 10- 7 59.8 46.4 8.2

1 . 10-6 57.4 37.8 2.0

3 . 10-6 54.5 34.2 1.3

1 . 10- 5 49.1 32.8 (Constant) 5.3

3 . 10-5 51.7 31.3 1.2

1 . 10-4 50.4 30.1 1.3

3 . 10-4 48.8 29.8 2.6

1 . 10-3 47.2 28.1 2.5

3 . 10-3 46.7 26.6 1.5

1 . 10-2 44.5 25.2 2.3

3 . 10-2 43.4 23.9 2.1

1 . 10- 1 37.4 21.0 5.2

2.5 . 10- 1 33.1 16.7 17.6 5.2
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Table 6: Surface and Interf ial Tensions of
:
	

Phase 1 = Pluroni 	 F68 in Distilled Mater and
Phase 2 = Perf 1 uoro a l i n (JPl* 91977)

c
i d"'ICM) (dynlcm)

Al i
/cmi.dyn- (d.Ynlc	 )

0 72.6 55.6 19.2 4.7

3 . 10-9 71.5 55.2 5.4

1 . 10-8 70.5 54.8 6.0

3 . 10-8 68.4 54.8 8.1

1 . 10-7 62.4 53.9 13.2

3 . 10-7 60.8 51.0 11.9

1 . 10-6 55.3 35.6 2.0

3 . 10-6 55.4 33.4 -0.3

1 . 10-5 54.8 32.7 (Constant) -0.4

3 . 10-5 52.9 31.9 0.7

1 . 10-4 51.7 29.0 -1.0

3 . 10-4 50.9 27.4 -1.8

1 . 10-3 48.5 27.1 0.3

3 . 10-3 47.8 25.3 -0.8

1 . 10-2 46.0 23.9 -0.4

3 . 10-2 43.8 22.4 0.3

1 . 10-1 41.4 18.8 -0.9

2.5 . 10-1 33.1 14.2 19.2 2.8
1
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FIG. 1	 OBSERVATION OF TIME DEPENDENT CONTACT ANGLE O t
STABILIZED AT MINIMUM VALUE 0 BY INTER-
DIFFUSION. FOR PURE ADSORPTION WITHOUT INTER -
DIFFUSION 0 is 0
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FIG. 2 SURFACE ENERGY ANALYSIS OF PLURONIC ® F68 FOR ADSORPTION

LIQUIDS (LOWER CURVE) AND FOR ADSORPTION PLUS WATER INTER-
DIFFUSION (UPPER CURVE).
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HYDROPHILIC PEO
END SEGMENTS

FIG. , 3 POSTULATED MICELLE STRUCTURES FOR PLURONIC ®F68 IN THE
DRY STATE (LEFT VIEW) AND HYDRATED BY WATER INTERDIFFUSION
(RIGHT VIEW).
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SCHEMATIC OF SURFACE/INTERFACIAL TENSION
MEASUREMENT OF ARTIFICIAL BLOOD SUBSTITUTES.
(1) = AQUEOUS PHASE + SURFACTANT, (2) =
FLUOROCARBON, (3) - DuNOUY RING.

E

FIG. 4
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FIG. 5 MEASURED CURVE OF DuNUOY RING FORCE mb2 VERSUS RING DEFLECTION
AT THE PHASE 12 INTERFACE. (Temp = 220C, DISPLACEMENT VELOCITY
y = -0.10 cm/min, PHASE 1 = PLURONIC® F68 SURFACTANT IN

DISTILLED WATER AND PHASE 2 - FC43 FLUOROCARBON).
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k	 c = WEIGHT FRACTION PLURONIC F68 IN H2O

80 r_---1i ..
	 10-6 	10-4	 10-2
	

1.0

01--
H2O + PLURONIC F68 (PHASE 1)

7iv

01—

12 - INTERFACES

700^

r12

0	 FC-43 (PHASE 2)	
y2v

12

n	 _A

-8	 -6	 -4	 -2	 0

109
10 c

FIG. 6 SURFACE AND INTERFACIAL TENSIONS FOR PHASE 1 - H2O
+ PLURONIC F68 AND PHASE 2 - FC43 (3M Co. Tech. Grade
perfluorotributylamine)
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C = WEIGHT FRACTION PLURONIC F68 IN H2O

10-8 	10-5	 10-4	 1.0-2	 1.0

O Of 0	 H2O + FLURONIC F68

(PHASE 1)

O 71V

vv
r

0

X
	 712

12 - INTERFACE /

!0	 FC-47 (PHASE 2)'	
72v

,lam 12

-8	 -6	 -4.	 -2	 0

log
10 c

FIG. 7 SURFACE AND INTERFACIAL TENSIONS FOR PHASE 1- H2O
+ FLURONIC F68 AND PHASE 2 - FC47 (redistilled
perfluorotributylamine, JPL* 92011).
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c - WEIGHT FRACTION PLURONIC F68 IN H2O
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712

p	 Perfluorodecalin (PHASE 2)	 72v
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a12	 ^

n
-8	 -6	 -4	 -2	 0

log10 c

FIG. 8 SURFACE AND INTERFACIAL TENSIONS FOR PHASE 1 - H2O
+ PLURONIC F68 AND PHASE 2 - perfluorodecalin
(redistilled, JPL * 91977).
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APPENDIX C

PERFLUORO-3, 3-DIMETHYL-2(E)-PENTENE BY
FLUORIDE ION CATALYZED ADDITION OF
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Perfluoro-3 3-dimethyl-2(E)-pentene by Fluoride Ion Catalyzed Addition
o -OctafluoroiSobutene to Hexafluoropropene

KIRBY V. SCHERER, JR. AND TOHIA F. rrRRANOVA

Department of Chemistry. University of Southern California, Los Angeles,

r
	

California 90007 and Jet Propulsion Laboratory, 4800 Oak Grove Drive,

I
	 Pasadena, California 91103

The fluoride ion catalyzed ;11 oligonerization of perfluoroolefins has

been employed extensively to prepare higher homologs (2,3,5-10). When

unlike partners react, the reaction might take either of two courses, de-

pending on which olefin accepts fluoride ion to become the nucleophile. In

all reported cases where the structure of the product allows the mechanism

to be inferred, the less substituted (by carbon) olefin becomes the nucleo-

phile, albeit at the more substituted center,

e.g.

F_

	

	 (2+37
(CF 3)2C-C(C2F5)CF(CF3)2

CF2.CFCF 3 a (CF 3)2C-CFC2F5

CF3CFnCFC(CF3)2CF2C2F5

and

[9]
C2F5

F

C
2 5
F	 F-^i► 	 6	 C 2 

F 
5

F 100'0	 + C 2 
F 
4

7

C2F5
f8

C2F3
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The unobserved reactions might have been expected because the tertiary anions

should be the more abundant intermediates owing to thair greater stability, but

:onsiderations of steric hinderance or product stability evidently rule in-

stead. We wish to report a counter-example.

When a mixture of hexafiuoropropene (NFP) and octefluoroisobutene (OFIB)

[toxic] obtained by pyrolysis of octafluorocyclobutane [11] was passed into a

flask equipped with a dry ice-cooled cold finger and containing a stirred

suspension of ball-milled, anhydrous potassium fluoride in diw.thylformamide,

a clear lower layer accumulated. Upon water washing and distillation, the

major component of this layer boiled at 71-720, lacked it absorption in the
double bond region, and had a mass spectrum consistent only with composition

C7F 14 [12]. These data plus the 19F spectrum establish the structure of the
product as 1, rather than 2 which Young and Bennett report for the adduct of

the same two olefins over CsF at 2000 [6,10].

E-(CF3 ) 3CCF-CFCF3	(CF 3)2CFCF-C(CF3)2

1	 2

The 19F spectrum of i consists of a doublet of doublets (J • 14.2 and 16.2 Hz)
at -63.3 ppm (upfield) from internal CFC1 3 , a broadened doublet (J - 16 Hz) at
-68.6 ppm, and a multiplet at -150 ppm, in the ratio 9:3:2 [13]. The four and
five bond couplings are somewhat larger than those reported by Schumann and

Cavaans for E-(CF3 ) 2CFCF nCFCF3 [14], presumably owing to greater interaction
between non-bonding orbitals in the more crowded tent-butyl compound.

iir have found } to be a ubiquitous by-product in the F- promoted chemistry

of NFP-contaminated OFIB; the addition of OFIB to other fluoroobefins is under
study.

We would like to thank Dr. K. L. Servis for measuring the 94 MHz spectrum

of I and Mr. R. Haack for the mass spectrum. This paper presents the results

of one phase of research conducted at the Jet Propulsion Laboratory, Califor-

nia Institute of Technology, for the National Institutes of Health, by agree-

ment with the National Aeronautics and Space Administration.
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I Amines are also used as catalysts [2,3]. but in such cases the effective

catalyst is probably a quaternary ammonium fluoride formed in a prelimi-

nary reaction between the amine and olefin [4].

2 W. Brunskill, W.T. Flowers, R. Gregory and R.N. Haszeldine, Chen. Comm.,

(1970) 1444.

3 S.P.v. Nalasz, K. Kluge and T. Martini, Chem. Bar., ja (1973) 2950.

4 R.L. Pruett, C.T. Bahner and N.A. Smith, J. Mar. Chem. $cc., 14 (1952)
1633. See also D.J. Burton, R.D. Howells and P.D. Vander Valk, _bid., n

(1977) 4830.

5 J.A. Young, Fluor. Chem. Reviews, x,(1967) 374-379.

6 R.O. Chambers, "Fluorine in Organic Chemistry" John Wiley A Sons, hew York,

(1973) 167-170.

7 T. Martini and S.P. ,i. Nalasz, Tetrahedron Lett., (1974) 2129.

8 J. Hutchinson, Fette Seifen Anstrichm., 1g (1974) 158.
9 J.Y. Drayton, W.T. Flowers. R.N. Haszeldine and T.A. Parry, J.C.S. Chem.

COMM., (1976) 490.

10 J.A. Young and M.N. Bennett, J. Org . Chem., 1, ( 1977) 4055.
11 D.C. England and C.G. Krespan, J. Amer. Chem. Soc., 88 (1966) 5582.

12 m/e. f: 350(m+), 1.80; 331, 1.56; 262, 1.48; 243. 6.54; 212. 2.47; 193,

1.SU 181, 4.49; 150, 1.71; 143, 2.72; 131, 6.26; 124, 2.32; 112, 1.32;

100, 1.60; 74. 1.20; 70, 1.02, ¢9,	 . Measured on a Finnegan Model 3200
quadrupole instrument.

13 NMR parameters were determined on a Varian XL-100 and are not computer

analyzed.

14 C. Schumann and F. Cavagna, J. Magn. Resonance, 1,(1975) 172.
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METHODS FOR THE ESTIMATIOtt OF VAPOR PRESSURI AM OXYGEN JOLUBILITIE, OF

ELVO
ORROCHEMICALS FOR POSSIBLE APPLICATION IN ARTIFICIAL BLOOD FORtfUTIONS.

D. D. LAWSON, J. MOACANIN, K. V. SCHERER, JR. ,T.F. TERRANOVA and J. 0. IMHAM

Jet Propult , n Laboratory, California Institute of Technology, 4800 Oak

Grove Drive,	 California, 91103

SUMMARY

A group additivity system has been generated which makes it possible

to estimate, from the structural formulas atone, the energy of vaporization

and the molar volume at 25°C of many fluorocarbons and their derivatives.

From these two parameters and appropriate thermodynamic relations it is

then possible to predict the vapor pressure and the solubility of oxygen in

a ftuorochemiul liquid with sufficient accuracy to estimate its potential

for application in fluorochemical emulsion artificial blood.

INTRODUCTION

Fluorochemical emulsion artificial blood has received much research

attention in recent years, owing to its perceivod potential use in human

therapy, where it might kelp alleviate the shortage of safe donar bloo4(1].

The fluorochemical phase in these emulsions transports oxygen and carbon

dioxide, and must also have a vapor pressure within certain limits. if

the vapor pressure is too high at 370C. gas emboli can form in the circu-

latory system; whereas too low a vapor pressure contributes to prolonged

retention of the fluorochemical in the body(2]. Oxygen solubility is a

point of special concern: although fluorochemicais dissolve much more

oxygen than ordinary liquids. the oxygen capacity of all emulsions so for

prepared is well below that of normal mammalian bloods at the oxygen ten-

sion of ambient air, and improved oxygen solubility is a goal of current

research,
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As one part of a program principally concerned with the synthesis and

testing of now fluorochemicals, we hew sought to estimate from chemical

structure alone, gas solubilities and vapor pressures of fluorochomicsts as

an aid to optimize selection of compounds for synthesis.

EXPERIMENTAL

Details of the synthesis of the new fluorocarbon-hydrocarbon hybrid

compounds described later in this paper wilt be reported in Subsequent pub-

lications. All of the new compounds had elemental analyses and mass, it

and nmr ( IsF and iM) spectra consistent with the assigned structures. Oxy-

gen solubilities wen measured by gas-solid chromatography using the method

described by the 3N group(4]. The bulk of the computations were done on a

Hewlett-Packard NP 67 progrimmable calculator and the programs for calcu-

lating vapor pressure and oxygen solubility are on file in the Hewlett-

Packard Users' Program Library(4].

DISCUSSION AND RESULTS

For more than SO years. Hildebrand and co-workers have studied the

nature of the solubility of geses in liquids and the process of repo _ e-

tion(5.6). In the following sections it will be shown how the then*,4,-manic

relations governing these phenomena in conjunction with a group additivity

system make it possible to estimate the vapor pressure and oxygen solubil-

ity V liquid fluorochmicals from their chemical structure. Therefore it

is possible to asurtain before synthesis whether or not a compound will

hew physical properties appropriate for an artificial blood constituent.

A. g1timation gf t% gne:11 of V!ntizatiosk and Molar Volume b
the Group	

r

A number of group additivity methods already exist in the literature

which assume tkat molewlor proportie& can be partitioned among the indi-

vidual functional groups and structural components of a molecule. Thus.

e
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simply by summing the group parameters. it is possible to estimate molecu-

lar properties from chemical structure alone. An extensive group additivity

system for estimating both the energy of vaporization (A[ v298 ) and molar

volume (V) of organic liquids has been developed by Fedors[7]. Based upon

examination of a large amount of data on simple liquids. he assumed that:

aEv n ?:ae i	 (1)
i

V	 L'av^	 (2)
i

where the ae i and the av i are the atomic or group contributions to the

energy of vaporization and molar volume at 25 0C. The deviations between

the experimentally measured values and those estimated by this method for a

number of liquids were found to be less than 10 percent. The group contri-

butions given by Fedors, although extensive, include only the parameters

CF 3- and -CF,- fo v tluorochemicals.

Our search of the literature uncovered adequate aH v298 or 4apor

pressure/ temperature data for only 19 perfluorochemicals, but extensive

boiling point and density data was found. However, the following empirical

relationship proposed by Hildebrand and Scott[8] relates the heat of vapor-

ization of nonassociated liquids at 25
0
C to the boiling point (T OK) at one

atmosphere:

AHv
298 , 0.020T b2 + 23.7 Tb - 2950	 (3)

When equation 3 was tested on the 19 perfluorochemicals for which aHv198

was known, the calculated and experimental values were often in disagree-

ment by several hundred calories. Subsequently, it was brought to our

attention[9] that no fluorochemical data were included in calculating the

constants in equation 3. Using the data collected by us, the following

relation for perfluorochemicals ensues:

AHv
298 

n 0.0724 T b 2 - 17.17 T  + 5309
	

(4)
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r

or in terms of the boiling point:

0	 17.17 + [294.9-0 2&', (5309-AHv298)11/2

Tb K
	

0.1•.;'1	
—	 - —	 (5)

Equation 4 is based on least-squares computer curve fit for the 19

liquid perfluorochemicals whose AHv
298 

and boiling point values were found

in the literature or calculated by us from vapor pressure/temperature data.

The perfluorinated compounds include eleven straight and branched alkanes.

one dimethyl cyclobutane ring, one cyclopentane, two cyclohexanes. decalin,

a methyl decalin and two tertiary amines. figure 1 is a plot of equations 

13.000

TI.- u

Figure 1. Relationship between AHvi90 and Tb for: (A) fluorochemicals and
(0) nonfluorindted liquids.
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asid 4. As can be seen, perfluorochemicals have higher heats of vaporization

than hydrocarbons of the same boiling point. This is especially true of

those with boiling points below 300K. after which perfluorochemicals paral-

lel non-fluorinated liquids fairly closely.

With the assumption that equation 4 is a good first approximation to

estimating aHv
298 

for perfluorochemicals, we calculated &H 
298 

for a large

number of such compounds from their literature boiling points. For example.

by taking the boiling points for perfluorobutane and perfluoropentane. one

can calculate th®ir individual aH v298 which can be used to calculate aEv298

from:

aEv298 . AHv298 _ RT	 (6)

The difference between the two aE v2g8 values is an estimate of the group

contribution of a -CF 2- to the energy of vaporization. By using the boil-

ing points for straight chain fluorocarbons from 
C3-C13, 

10 values for aei

of a -CF2• were calculated. which were then averaged. Also. from the

density data the molar volumes were calculated from:

V . D	 MW - molecular weight: a - density	 (7)

and the av i for -CF2- calculated in a similar way. Table I contains a list

of fluorochemical group additivity values calculated in this work, as well

as some hydrocarbon values published by Fedors[7).

By summing the individual group parameters, obtained b y inspection of

the structural formula of a compound. the energy of vaporization and molar

volume can be estimated before it is synthesized. Also. by calculating

allv
298

 from equation 6 and using this value in equation 5, a reasonable

estimate of the boiling point may be made. Similarly, the density of the

compound can be estimated from the molar volume by equation 7.

The predicted and reported boiling points for a number of perfluoro-

chemicals are presented in Table I1.

a
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TABLE I

Group Contributions to the Energy of Vaporization and Molar
Volume at 250C

-	 Group Aei298 rat/mole avi cm3/mole

CF3- 1933 54.8

-CF 2- 783 23.1

-CFH- 422 18.6

-CF- -396 -15.0

-C- (Perfluoro) -1515 -38.3

-N- (Perfluoro 3o Amine) -914 -16.3

-0- (Perfluoro Ether) 8 19.0

Ring:	 5 atoms 2023 37.7

Ring:	 6 atoms 2272 39.9

CH3 - 1125 33.5

-CH2 - 1180 16.1

-CH- 820 -1.0

-HC- 1030 13.5

-C- 350 -19.2

-0- 800 3.8

B. Estimation of Vapor Pressure

MAterial that have vapor pressures over about 40 torr at 37 0C tend to

have adverse physiological effects when used as the gas carrying phase of

artificial blood substitute formulations. Therefore it is desirable to

have some method of predicting the vapor pressure before synthesis is

attenpted.

I1-6
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TABLE II

Calculated Boiling Point and Vapor Pressure for Some
Fluorochemicals

(2) (4) (3) (4)
(1) CALCO. LIT. CALCO. LIT.

CALCD. B.P. oC B.P. oC Y.P. V.P.
Compound aHvz98 760 torr 760 torr @250C @/ToC

CF 3CF2CF 2CF 2CF 3 6807 32 29 519 646/25

CF 3CF 2CF 2CF2CF 2CF 3 7590 59 57 202 220/25

OF — 8316 81 76 92 106/25

F	 f 10608 141 1422 11.1 6.6/25

F	 F 11362 158 160 6.1 2.1/25

CF 3CHF[OCF 2CF(CF 3 )] 2 F 8782 94 104 57 56/37.5

(CF 3 ) 2CFO(CF 2 ) 5CF 3 9918 124 121 19.9 39/37.5

[(CF3 ) 2CFOCF 2CF 2 ] 2 10680 142 135 10.5 13/37.5

CF 3CHF[OCF 2CF(CF 3 )] 3F 11110 152 152 7.4 10/37.5

CF 3CHF[OCF 2CF(CF 3 )]4F 13438 201 194 1.4 1.9/37.5

'	 [(CF3)2CFO(CF2)4]2 13812 208 199 1.1 3/37.5

CF 3CHF[OCFZ F(CF 3 )] 5F
i.

15766 244 224 0.4 0.4/37.5

(CF 3CF 2 CF 2CF 2 ) 3H 12524 183 174 2.6 2.5/37.5

1. from the values in Table I.
2. from equation 5.

3. from equation 9 using the a and B values for perfluorochemicals.
4. fr n Ref.[16].
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From Hildebrand's general rule that compounds have equal entropies of

vaporization at equal molar volumes of their vapor[10], the entropy of

vaporization for non-polar liquids can be predicted from a relation

developed by K. Sato[ll].

asy	 a—f	 aR(fi)8-1
	

(8)

In terms of the vapor pressure (P in torr), equation 8 becomes:

1
GH

P • T (^)^	 (9)

where T is the temperature in °K at which the vapor pressure is desired and

R is the gas constant in cal mole -1 °K' 1 . Thus, equation 9 provides a use-

ful way of estimating the vapor pressure of anon-polar liquid from its heat

of vaporization when the constants a and g are known. Sato originally cal-

culated a and B from vapor pressure/temperature data for 10 non-polar

liquids containing hydrogen.

New values of a and 0 for perfluorochemicals have been calculated by

the same procedure in this work. BY plotting dP/dT vs. • P/T from vapor

pressure/temperature data, a family of overlapping curves was generated.

The deviations of the vapor from ideality were corrected for by fitting the

data for each substance to an equation of the form:

R • a(T) a 	(10)

and then taking the average of the a and g values. Using these new con-

stants, the vapor pressure of perfluorochemicals calculated from equation 9

matches their literature vapor pressure much more closely than when Sato's

original a and B values are used. Sato ' s constants and our values for per-

fluorochemicals are:

Non-polar liquids:	 a = 11.8822	 0 • 0.8810
Perfluorochemicals:	 a • 12.2497	 a n 0.8846

Thus, by estimating &E. 
298 

of a perfluorochemical from the group

additivity values in Table I, calculating its aH y298 with equations 6, and

1.

9

K
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using	 quation 9 with the a and a constants forg	 perfluorochemicals the

vapor pressure of the compound can be estimated before it is synthesized.

Alternatively, if the boiling point of the compound is known, its AHv298 can

be Pstimated from equation 4 and its vapor pressure predicted from equa-

tion 9.	 Table II also contains vapor pressures of some perfluorochemicals

calculated from equation 9 and corresponding experimentally measured values.

It is believed that the accuracy of vapor pressures predicted by this method

is sufficiently reliable to make decisions on the utility of new perfluoro-

chemicals as artificial blood constituents before they are synthesized.

^ C.	 Estimation of Oxygen Solubility.

In selecting gas-carrying materials for artificial blood formulations

it is desirable to have a method of making estimates of oxygen and, to a

lesser degree, of carbon dioxide and nitrogen solubility in candidate mate-

rials.	 It is possible, using regular solution theory as developed by Hilde-

brand and others, to make useful predictions of the solubility of a number

of gases in a wide range of solvents.

There are two equations based on regular solution theory that are

frequently used to calculate gas solubilities[12]. The first is:

i	 0.4343V2(61-62)2
-log x 2 n -log x +2	 RT	

(11)

where the subscript 1 refers to the solvent and 2 refers to the solute.

R is the gas constant (cal mcle -1 0 K -1 ),  T(oK) is the temperature at which

the gas solubility is to be estimated, V2 is the partial molar volume of

the gas in the solvent, 6 is the solubility parameter defined as:

H -RT\1/2	 E 112

/	 J

and x2 is the "ideal" gas solubility calculated from:

i	 aHv
log x2 

n 4.574 (IT - f )	
(13)	 _

a
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where CHv is the Murat of vaporization of the gas at the boiling point, Tb,

and T is the temperature at which the gas solubility is to be determined.

Equation ii gives the best results when gas and solvent molecules are simi-

lar in size. For solutions where the molecules differ greatly in size a

correction of the Flory-Huggins type based upon the ratio of molar volumes

is introduced which alter; , equation 11 to (13]:

i 0.4343V2 (61-62)2	

RI)
-logx2--logx2+	

RT 	 log

+ 0.4343 (t - V^ )
	

(14)
\\	 1

in terms of natural logs, equation 14 is:

(a a )	 iV \	 V
In x2	 In xZ —	

2
---- - [in V2 J + I - Y?	 (15)

The application of equations 14 and 15 has been described by G3aldbaek in a

number of publications[14]. The pertinent constants for equation 15 when

calculating oxygen solubility are:

x2 n 17.638 x 10-4 ; V2 n 46 ml./mole; and 6 2 - 5.70 (cal./cm3)

The value of V2 - 46 ml/mole for oxygen is the measured value obtained by

Horiuti(15] in benzene and is the value normally used. However. Horiuti's

measurements of the partial molar volume of oxygen in other solvents have

shown that this quantity depends on the solvent and varies from 56 ml/mole

in diethyl ether to 31 ml/mole in water, while in pure liquid oxygen at the

boiling point it is 28 ml/mole.

When V2 was changed so that values of oxygen solubility calculated

from equation 15 agree for 24 liquid fluorocarbons reported by Clark[16].

it was found that V-2 varies over the rings of 30-50 ml/mole. It can be

seen from Figure 2 that a reasonable correlation exists between calculated

values of 72 for these compounds and logarithms of their entropies of

vaporization at 250C, if the cyclic structures are treated separately.

i
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The equations of the least squares fit for the data and their correlation

coefficients are:

Open chain compounds:

V2 • -19.85 t 15.90 1n4SV
298
 . r2	0.8999	 (16)

Cyclic Compounds:

Y2 • -100.15 • 39.90 lna$v
290
	r2	0.8910	 (17)

t	 o

0
0

0

s D

O

0	 p

3

O

0	
O

O O

•^	 O

A	 LIS	 3.30	 1.73	 4.00	 4.35	 a.so

q.

4.

w ^•

^ a0.
L6

]7.

13.

33

MAS2"

Figure 2. Relationship between 1naSv 296 and Y2 for Cyclic (0)

and Open Chain ;o) Fluorochemicals.
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By using equation 16 or 17 in conjunction with equation 15, it is possible 	 f

to predict the oxygen solubility of 22 compounds to 44 ml. and 14 of these

to within +2 ml. of their experimentally determined values. Since equa-

tions 16 and 17 are empirical and we have not measured the partial molar

volume of oxygen in these solvents, no physical interpretation of this

relationship is attempted. Some compounds with their calculated oxygen

solubility and corresponding experimentally measured values are presented in

Table III.

TABLE III

Calculated OAygen Solubility of Fluorochemicals

•	 -	 - -

a02aol^b.

coroaune
ib o of 20tH 1^y298 4v S6	 Ens"M	 7Y2cslc. calcd/ W.

^- 76.3 1.180 8150 195.7 6.21	 27.34	 31.85 56.1/51.2

CF 3CHF(OCF2CF(CF3 )) 2F 104.4 1.6% 9147 272.9 S.60	 30.66	 34.69 $2.4/65.7

cr,(Cr,) 7Br 140.6 1.890 10.595 264.0 6.16	 • 35.54	 36.92 49.1/52.7

(CF3 ) 2CF(CF2 ) 4ci 108 1.77 9283 228.2 6.17	 31.14	 35.82 52.7/52.7

(CF 3 ) 2CFO(CF2 ) SCF 3 121 1.721 9789 292.9 S.60	 32.83	 35.66 50.6/62.5

no^ 102 1.783 90$7 233.3 6.02	 30.38	 36.06 51.3/52.2

(CF 3 ) 2CF(EF ` 1 4P 120 1.977 9749 227.1 6.35	 32.70	 35.60 51.1/51.4

CF 3CHFJCCC,CF(CF 3 )J 3F 15i 1.736 11,096 355.6 5.43	 37.22	 31.66 47.0/47.3

(CF 3 )2CF(CF2 )6C1 151 1.63 11.051 275.4 6.16	 37.07	 37.59 48.0/45.6

((CF3)2CFOfCF2)4'12 199 1.820 13,342 423.1 5.49	 44.75	 40.59 43.2/41.6

ti F
160 1,972 11.455 :39.6 6.47	 38.42	 45.43 39.9/38.4

CFPF(OCF ICF(CF3 )) 9F 399 1.848 26.471 873.4 5.44	 88.60	 $1.48 32.9/33.3
i

1.2:	 literature values from (16J. S: from 6HY?" and eq. 12•

3:	 From lit. b.p. and eq. 4 6: From MV2"

4:	 From lit O,S 
and eq.	 7. 1: From ASe2" and ogs. 16 or 17

8: From eq. 16 and 16.

Therefore, to estimate the solubility of oxygen in a fluorochemical

from its structure alone. aEv 
298 and V are estimated from Table I. 4 is

calculated from equation 12.6Hv 298 is calculated from equation 6. and

ASV 298(- oHv
298/T) then determined. From e3v299 and either equation 16 or

.i
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17, 72 1s estimated. Then, using the estimated 6 1 , V2 , V 1 and the con-

?	 stants x2 and 62 in equation IS, the mole fraction of oxygen, x 2 , is
obtained. This can be converted to rm3 of 02/100 ml. of liquid at 260C by:

100 . x . 2446S
Cm. 3 02/100 mi- of liquid	

V1	
—	 (18)

TAGLE IV

Sample Calculations of Phy0 cal Properties from Chemical Structure

From Table I eEv298 cal/wolf V2"CM3/mote

7xCF2 • Sol 161.7

3 x CF	 •
F	 F

-1188 -45.0

1 x CF 	 • 1933 $4.8

2 x 6 atom
ring • 4544 79.8

10,770 251.3

1. nE
Y
 298 • 10.770 cal/mote

2. VI	 • 253.1 as3/0019

3. 61 • 63S from p. 12

4. all
Y
 298 • eE

Y
 298 • NT • 10,770 • $92 • 11,362 cal/Mole

S. Tp K • 431 or IUoC front p. 6

6. 026 • 2.04 from p. 7

7. P Corr • 6.1 from p. 9 using perfluorochemical e. 0 values.

OM 2%
8. as 298 • —v 	 .

 38.11 cal/molt-OKv IBM

9. 72 • 46.11 pea/Mote from p. 17

10. Mote fraction of dissolved 02 8 259to 12 • 4.111 x W3 from

a302/100 to  of liquid • 40.0 from p. 18.

1
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Table IV presents a sample calculation of all the physical properties dis-

cussed above for perfluoremethyldecalin. Table V shows the calculated and

measured physical properties of some fluorocarbon-hydrocarbon hybrid com-

pounds prepared in our own research efforts. Cocause these compounds have

high hydrogen content, the agreement between calculated and measured physi-

cal properties is not quite as good as those for totally fluorinated

materials.

TAKE V

Properties of Fluorocarbon-Hydrocarbon Hybrids

i 141^3M 11 W 3t6-t 40302/100 sot
- at4/te0-0 a)4/4010( CGIC/twaa

U3CttCt=iUi )tClM3GIttM3 Mt7 330.0 1.630.63 124/121 46.6/46.1

Ct 3U3Uiltt 3 ) 2tu12cu2uychy 11.101 nd'l 1,41/1 . 41 1631130 41.3/40.0

C` 3U21t2 (U 3 )21C1i2CM(C113 )2 112.604 to.4 1.40/1.40 143/)33 43.1/43.6

Ct 3U2U„U 3 ) 2WCdi3 Aw 301.0 1.0711.63 63/17 ".11146.1

U 3U2U21U 3 1t1:.11ttu3 "Al 220.7 1.61/1.61 111/101 44.4/61.0

110 2U14I3 ) ICOtM21Wl 10,7!7 241.1 )Willi 14411tr 42.0143.•

(U 3 )3COYA2C(U 3 ) 3 il.st0 MA 1.64/N144 /41160114 40.21-

itti) 3CtJ12t1i20h2CICt 3 ) ) 11.700 300.6 I.M60H4 140/6944 30.7131.0

1123)3"NC"'K#2t1U3)3 13.14) 311.4 1.W1010 301/60114 34.11-

1Ct3)3""tCmtOY-ftttVtui)3
16.000 331.7 1.631,0114 231/40114 31.1/.

U3U3U2CU3 1 2C” P34 102.3 41.77 463 -/44.3

02UtU3IU340" am 201.1 -11.70 03 -ode w .

1;	 Iratable 1.
t:	 tree 04. 7.
3:	 Fro M. 

I.a;rq, c1/, is. V 6M is (TM 11	 I" on similar u tM c261ic Flu	 hess"16 1e wor 03
Ni-I/lism behavior).

In summary, the design of fluorochomical phases for use in artificial

blood should have a vapor pressure of less than 40 mm Hg at 37.50C and an

oxygen solubility as high as possible. In this paper we report methods for

predicting vapor pressure and oxygen solubility for perfluorochemicals

based on chemical structure alone: thereby making it possible to guide syn-

thetic strategy in the design of artificial brood substitutes.
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APPENDIX E

F-2-Methyl-2-Pentanoi, An Easily-Prepared Perfluorinated Tertiary

Alcohol, Kirby V. Scherer, Jr.*, Department of Cher,.istry,

University of Southern California, Los Angeles, California, 90007,

and Tobia F. Terranova and D.D. Lawson, Energy and Materials

Research Section, Jet Propulsion Laboratory, California Institute

of Technology, Pasadena, California 91103

Abstract: F-Propene was converted to F-2-methyipentene (1) by

reaction at 10-15°C and one atm. with KF and 18-crown-6 in CH3CN,

followed by refluxing with the same catalysts in C113CON(CH3)2.

Reaction of 
1 

with KF and either NOC1 or N204 in CH 3CON(CH 3 ) 2 at

-5 0 gave CF 3CFZCF2 (CF 3 ) 2CNO, which was oxidized to CF3CF1CF2(CF3)LCUNO
1

with 02 or excess N 204 at r.t.; hydrolysis of the nitrite

gave CF 3CF2CF2 (CF 3 ) 2COH (2), purified by distillation from conc. 	 F
w	 =

H 2SO4 ; d24 1.770, bP 726 93°C, in 57-65% yield from 1. Reaction ofti	 A

2 with KOH and n-C 4HyI in DMSO gave 84 ^F3CF2CFZ(CF3)2CO-n-C4Hq,

bp732 138°C, d 21 1.473.
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.E-2-Methyl-2-Pentanol, An Easily-Prepared

Perfluorinated Tertiary Alcoholl

Kirby V. Scherer, Jr.*

Department of Chemistry, University

of Southern California, Los Angeles

California 90007

Tobia F. Terranova and D. D. Lawson

Energy and Materials Research Section, Jet

Propulsion Laboratory, California Institute

of Technology, Pasadena, California 91103

We report here an efficient synthesis of the title compound

(1) which can be carried out in ordinary laboratory glassware from

a relatively inexpensive starting material and common reagents.

Fluorinated alcohols, particularly 2,2,2-trifluoroethanol and

2-H-F-2-propanol (hexafluoroisopropanol), have attracted attention

as specialty solvents, owing to their low nucleophilicity,2

powerful H-bond donor ability 3 and optical transparency.

Perfluorinated tertiary alcohols as a class should possess those

qualities as well as exceptional chemical unreactivity.

F-tert-butanol (2), the only commercially available

perfluorinated alcohol, has received little attention as a solvent

because of its hig" price and modest liquid range (-15 to +45 0C);

it has been prepared by disproportionation of F-acetone catalyzed

by CsF-H20, 4 by halogen exchange from (CF3 ) 2 CC1 3COH, 5 and by

6several routes from the dangerously toxic F-isobutene. 	 Other
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perfluorinated tertiary alcohols have been prepared by reaction of

perfluorinated ketones with perfluoroorganometallic reagents,
7
 and

by SbFS-catalyzed rearrangement of perfluorinated oxiranes.8

(Scheme 1)

Our synthesis of I is modeled after Knunyants and Dyatkin's

original route to 2, 6a,c but we have simplified the procedure and

reagents. In addition, we report convenient and reproducible

conditions for the preparation of F-2-methyl-2-pentene (3), the

stable dimer of F-propene, in kilogram quantities wit	 use

of pressure equipment. Alcohol' ,1L is thus available	 to four

steps and over 50% overall yield from F-propene, a fluoropolymer

intermediate  currently priced at about $6/lb in large quantities.

The anionic dimerization of F-propene to give 3 was described

first in the patent literature, 
10 

and most recently by Omowski,

Flowers and Haszeldine; 11 we find that reaction of F-propene with

KF and 18-crown-6 in acetonitrile at atmospheric pressure gives

largely the unstable dimer, F-3-methyl-2-pentene (4), and that 4
must be refluxed (ca. 50 °C ) for several days with the same

catalyst in dimethylacetamide (DMA) to effect isomerization to 3.

The difference between our conditions and Dmowski, et al's are

probably due to the much smaller ratio of catalyst to olefins in

our work. We were unable to reproduce the preparation of ^ with

the special amine catalyst of von Halasz, et al.12

Addition of the elements of nitrosyl fluoride to 3 is

conveniently effected by passing either N 204 or NOCI into a cold,

E-3
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well-stirred suspension of powdered KF and 
5 

in DMA. If an excess

of N204 is used, the blue nitrosoalkane 
5 

is slowly oxidized in

situ to the nitrite (,6y); with NOC1, 5 is'isolated and without
PU

purification oxidized to 6 with a slow stream of 02 at room
temperature. The two-step procedure gave a purer product and

seems safer, since solutions of N 204 in organic solvents have been

reported to explode. 13 Neither 5 nor 
6 

has been isolated in

analytically pure form and their structures are assigned by

analogy. 
14 

The oxidation of 5y by N20
4
 or 02 probably occurs

through a radical-chain mechanism, and takes place under milder

conditions than those reported for the oxidation of (CF3)3CN06c,f;

models suggest that relief of steric repulsions as the

CF3CF2CF3 (CF3 ) 2C• radical becomes planer may account for its more

ready formation versus (CF3)3C•.

Several alkyl ethers of Iwere prepared for evaluation as the

oxygen-carrying phase of fluorochemical emulsion artificial

blood is ; a typical procedure for the preparation of one of these

is described in the experimental section.

t
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Ex a imenw	 ti

Potassium fluoride was dried at 180* in a vacuum oven, ground

in a ball mill, and manipulated thereafter in a glove box; other

chemicals and reagents were used as received. Fluorine NMR spectra

were measured on pre-calibrated chart paper using a Varian T-60

spectrometer; the triplet of CFC1 2CF2C1 was used as an internal

reference, and 72.0 ppm was added to the observed chemical shifts

to obtain*.

F-2- t 1-2-	 e e W. A 3L 3-neck flask was surrounded
by a cooling bath and equipped with magnetic stirring, an immersion

thermometer, a large cold-finger charged with Dry Ice-isopropanol

on the center neck and a CaC1 2-filled exit trap. The flask was

charged with 30 g KF, 32 g 18-crcwn-6jacetonitrile complex and

524 mL of spectrograde CN3CN. F-propene was introduced through a

side neck directly from a cylinder at a rate such that a thin

stream of condensate fell from the condenser . tip into the stirred

KF suspension. The pot temperature rose initially to 50 0 , but for

the rest of the reaction was kept between 10 and 15°C by periodic

additions of Dry Ice to the external isopropanol bath. Refluxing

of F-propene stopped almost immediately if the introduction was

interrupted, and the mildly exothermic dimerization resumed when

the gas flow was re-started. After about 3 h the working capacity

of the flask was reached, and the mixture was allowed to stir

overnight and come to room temperature. Stirring was then stopped

and the clear lower layer siphoned out. The yield of crude dimers

was 2430 g; analysis by NMR indicated ca. 27% ,3Vj and 73% 4; trimers
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were not detected. In another run, three successive batches of

mixed dimers totalling 8263 g were obtained using the same sample

of catalyst, without noticeable loss of activity.

Isomerization of 4 to 3: The 2430 g of dimer mixture was

combined in another 3L r.b. flask with 20 g 18-crown-6/acetonitrile

complex, 30 g KF, and 250 mL DMA. The mixture was refluxed under

an efficient condenser for 13 days, when NMR analysis showed

isomerization to 3 to be > 95% complete. Direct distillation
ti

from the pot gave 2111 g of 3, b.p. 51-60°C, suitable forthe

preparation of 1.

F-2-meth 1-2- entanol (1 	 A mixture of 500 mL DMA, 50 g

dry KF (.86 mol) and 171.3 g 
3 

(.571 mol) in a one L three neck

flask was stirred at 4 - PC (external ice-salt bath) while 109 g

N204 0.18 moles) was slowly distilled in in a slight flow of 02.

A -28°C (boiling CF2C1 2 ) cold finger was used to minimize escape

of NO2 . The addition was slightly exothermic and was interrupted

whenever the pot temperature reached +7°. Immediately after the

addition the reaction mixture was deep blue; NMR examination of

the lower fluorochemical phase showed complete consumption of

starting olefin and a single predominate product, presumably

CF3CF2CF2 (CF3 ) 2CNO (5, gem-CF3 quintet at ^* 53.7). The reaction

mixture was let warm slowly to room temperature with stirring.

After 18 h the blue color had disappeared and the lower phase was

light yellow, consistent with CF 3CF2CF2 (CF3 ) 2CONO (6, gem-CF3

quintet at 0* 68.5). After ca. 48 h additional, most of the

fl uorochemical had dissolved in the DMA and much white solid was

E-i



present. Water, ca. 400 ml, and 6.2 g H3B03 (0.1 mol) were added;

the lower phase re-formed and most of the solid dissolved.

Sulfamic acid was added in small portions to destroy the nitrous

acid present and the reaction mixture was distilled at atmospheric

pressure until the condensate was clear. The distillate consisted

of a lower fluorochemical phase and an upper aqueous phase, both

almost colorless. Potassium hydroxide, 37.4 g (.66 mol ), was

added to the distillate, whereupon most of the lower phase

dissolved in the aqueous layer. A small amount of neutral

material was distilled under aspirator pressure into a -78° trap,

then the clear aqueous KOH solution was acidified with H 2SO4 . The

lower phase which formed was separated, mixed with 25 mL of 96%

H2SO4 and distilled at aspirator pressure into a Dry Ice-cooled

receiver. Yield 108.9 g of Ias a dense, water-white liquid,

56.7%, 
bp728 

93°C, d24 1.770 g cm-3. NMR: _0* 68.9 (6F,t of t),

76.8 (3F, t), 109.9 (2F, m), 118.9 (2F, m).

Anal. Calcd for C6F130H: C, 21.45; H. 0.30; 0, 4.76; F,

73.49. Found: C, 21.19; H. 0.49.

The neutral fraction weighed 17.5 g (approximately 9% yield)

and consisted of a mixture of two still-unidentified

CF3CF2 CF2 (CF3 ) 2 CX	 products. The 2.2.m-(CF3 ) 2 t of t of the

maJor 0,60%) component appears at ^* 63.9; the gem-(CF 3 ) 2 t of t

of the minor component at 0* 67.6.

Alternate procedure: Dried KF, 58 g (1.0 mol), 550 mL DMA

and 201.3 g (0.671 mol) ^ were combined and stirred magnetically

in a one L three neck flask equipped with a cold finger condenser,

=	 E-7



thermometer well, and drying tube. The mixture was cooled to -20°

in a Dry Ice-isopropanol bath, and nitrosyl chloride was passed in,

keeping the temperature below -5% until a green color persisted

(the reaction product forms a clear blue lower layer, and the

presence of excess yellow-brown NOC1 causes the mixture to appear

green). An NMR spectrum of the blue lower layer showed complete

consumption of starting material. The reaction mixture was poured

into a 2 L separatory funnel containing 30 g of boric acid in ca.

one L of ice water. The blue lower layer was drawn off and

without further purification, placed in a 250 mL three neck flask

equipped with a cold finger condenser and oxidized with a slow

stream of oxygen. The blue liquid turned green, then yellow within

30 minutes; the oxidation is exothermic. The crude yellow nitrite

ester was poured into 800 mL of water and stirred until gas

evolution (NO + NO2 ) ceased, then made strongly basic by addition

of 60 g KOH pellets. Insoluble material (40.8 g) was removed by

direct steam distillation; distillation was stopped when the

distillate ran clear of insoluble material. The residual aqueous

solution was cooled and acidified with sulfuric acid. The lower

layer which formed was separated, mixed with 75 mL of 96% H2SO4,

and the mixture distilled at aspirator pressure into a dry ice-

cooled receiver. Yield 145.5 g (64.5%) of colorless 
1
1. pure by

NMR.

2-n-Butoxy- F-2-methylpentane. Dimethylsulfoxide, 125 g;

alcohol 1, 25.0 g (0.0744 mol); KOH pellets, 9.9 g (0.115 mol);

E-8

-



and 1-iodobutane, 18.4 9 (0.100 mol) were combined and stirred at

room temperature for three days (when ,I was mixed with DMSO, heat

was evolved; on a larger scale, provision for cooling should be

made.) At the end of the reaction period the mixture was poured

into ca. 300 mL of water and the crude lower layer separated and

dried over solid KOH. Distillation of the crude product at

aspirator pressure into a Dry Ice-cooled receiver gave 24.8 g of

colorless liquid, 84% yield. The analytical sample was obtained

by preparative gas chromatography. Constants: by 
732 

138 0C9. d2l

1.473 g cm 3.

Anal. Calcd. for C10H90F13 : C, 30.63; H, 2.31; 0, 4.08; F.

62.98. Found: C, 30.47; H, 2.25.
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SCHEME I

	

^.	 b.
CF3CF-CF2 	----* (CF3 )2CFCF=CFCF3 ----► ( CF3)2CaCFCF2CF3

a	 3

C *	 d.
3	 CF3CF2CF2 ( CF3)2CNO 3 ----► t CF3CF2CF2(CF3)2CONO

5	 6

	

6 — e----i► 	 CF3CF2CF2(CF3)2COH

1

a. KF, 18-crown-6, acetonitrile, 10 - 15o C; b. KF, 18-crown-6, dimethyl-

acetamide, reflux; c. KF, NOC1 or N 204 , dimethylacetamide, ca. 00 C; d. 02 or N204

at room temperature; e. H2O.
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.A PENDIX F

207. HYBRID FLUOROCHEMICALS AS CANDIDATES FOR THE OXYGEN CARRYING PHASE IN ARTIFICIAL
BLOOD: SYNTHESIS. K. Y. Schere• . Jr., Dept. of Chemistry. Univ. of Southern Calif..

Los Angeles, CA 90007; T. F. Terranova. 0. D. Lawson and E.N. Washington. Energy and
Materials Research. Section 346, Jet Propulsion Laboratory, Pasadena. CA 91103.

Alkylation of perfluorinated tertiary carbanions, formed by equilibrium addition of
potassium fluoride to readily available perfluoroolefins to a polar aprotic solvent,
leads in good yield to "hybrid" fluorochemicais with physical properties appropriate for
application in artificial blood. The tert-butyl carbanion derived from octafluoroiso-
butene reacts with n-alkyl iodides or bromides, whereas the tert-hexyl carbanion derived

from nerfluoro-2-methyl-2-pentene requires the more reactive allylic iodides or bromides
9or good yields in acceptable time. 	 E.y.:

(CF3 ) 2C-CFCF2CF3 + KF + CH2=CHCH28r ----s CF3CF2CF2C(CF3) 26H2 CH-CH 2

Ws-phase hydrogenation gives the saturated compounds without loss of fluoride.
Oxidation of the same carbanions, e.g. with dinitrogen tetroxide, gives the tert-

nitrite which may be hydrolyzed to the tertiary perfluoro alcohol. Reaction of the
alcohols with potassium hydroxide and an alkyl iodide in dimethyl sulfoxide leads to the
corresponding ethers in excellent yield. All of these reactions are performed at room
temperature or below in ordinary laboratory glassware, and afford good yields of
isomerically pure products.

{ (From Abstracts of Papers, American Chemical

Society, 175th ACS National Meeting, Organic,

207, 1978.)
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APPENDIX G

63. HYBRID FLUOROCHEMICALS AS CANDIDATES FOR THE OXYCcN CARRYING PHASE IN ARTIFICIAL
BLO00: PHYSICAL PROPERTIES AND PRELIMINARY TOXICOLOGICAL TEST RESULTS. K. Y.

Scherer, Jr.. Dept. of Chemistry, Univ. of Southern California, Los Angeles, CA 90007;
0. D. Lawson, J. Moacanin and T. F. Terranova, Energy and Materials Research, Section
346, Jet Propulsion laboratory, Pasadena. CA 91103.

A series of partially fluorinated alkanes and ethers of the general formula (C.F2n+1)
(CF,) iC-R and (C F, 1 )(CF 3 )sC-OR, R • saturated alkyl, has been prepared as
candidates for tFe 4zygen carrying phase in fluorochemical emulsion artificial blood. A
semi-empirical trea.:aent based on group contributions to molar volume and intermolecular
attraction, and on regular solution theory (Hildebrandt). has been developed which pre-
dicts 01 solubility and vapor pressure from chemical structures alone. These are the
physical properties most significant for predicting physiological utility in this appli-
cation. A 6omparison of the predicted and experimental vapor pressures and 0 1 solubili-
ties for the new compounds and for compounds in the literature will be presented. Sever-
al of the new fluorochemicais dissolve more oxygen than perfluorodecalin or perfluorotri-
butyl amine, while having vapor pressures within acceptable limits. Animal tests are in
progress, but cell-culture tests suggest that the compounds below possess very low tox-
icity bordering on biological inertness. Examples of compounds prepared to date, with
measured 0 1 solubility in ml/100 ml and [extrapolated] v. p. in torr, both at 25 oC.
include: n-C F ? (CFj) iC-n-C 3il ? . 46.7 ml. 14.3 torr; n-C N CFs)st-n-C Hs, 46.6 ml. 6.8
torn; n-CsF ? CF 3 ) 2C-O-C 2 Hs, 49.9 ml, 24.4 torn; n-CsF,(CF 1) 2C-O-CsH,, 45.8 mi. 11.1 torr.

(From Abstracts of Papers, American Chemical Society,
175th ACS Nationa Nee-Ung, Medicinal, 63, 1978.)
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SECTION I: INTRODUCTION

Under contract with Jet Propulsion Laboratory for "Synthesis and

Biological Screening of New and Improved Fluorocarbon Compounds for Use

as Artificial Blood Substitutes," Utah Biomedical Test Laboratory (UBTL)

assumed responsibility for biologic screening of new fluorochemical com-

pounds (1 :CC) synthesized by Jet Propulsion Laboratory (JPL). The main

goal of the study was to test the feasibility that from the synthesis

of novel fluorocarbons, candidates for safe hemoglobin substitutes could

be found.

Summary of First Year's Study (1976-1 977)

In the original submission of our proposal to the National Blood

Institute in July, 1975, JPL/UBTL detailed a two-year plan for the

synthesis and biological screening of new and improved fluorochemical

compounds (FCC) for use as artificial blood substitutes. The Institute

requested that the proposal be modified and resubmitted to comply with a

one-year feasibility study with the possibility that the project may

continue for a second year. The one-year study was granted with the main

goal of the study directed toward testing the feasibility of the hypothesis

that from the synthesis of novel fluorocarbons, candidates for safe

hemoglobin substitutes could be found. As one of the objectives of this

study, it was proposed that approxima*ely 20 newly synthesized compounds

would be quickly tested by UBTL for gross toxicity and tissue retention

in mice as an initial crude screen.

In the original plan, selected compounds passing the initial mouse

screen would be resynthesized as necessary and formulated into emulsions

for blood replacement in rats to allow for more refined toxicity, tissue

retention, and efficacy testing. It was anticipated that approximately

four new compounds, formulated into artificial blood, would be tested in

PRECEDING PAGE BLANK NOT FILMED
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rats at the 50% blood-replacement level.

Ilowover, after having completed 6 months of work on the first year's

contract, the National Blood Institute requested that we submit a pro- 	 i

posal to them for continuation of studies into the second year and as

part of the site visit for th.s renewal, recommendations were made by

the site team altering the originally planned studies. In compliance

with the site team recommendations, UBTL concentrated their efforts on

mouse toxicity screen testing, cancelling plans to do infusion studies

on rats for this year and the next.

The candidate compounds synthesized by JPL which met basic physico-

chemical requirements as stated in the RFP were subjected to basic gross

toxicity and tissue retention testing in mice at UBTL. For these tests

UBTL usually received approximately 5-10 grams of each compound only.

Lmulsions of test FCCs were prepared at UBTL as needed.

Screening methods and protocols were developed for dosing and testing

mice for toxicity with the new FCCs. Because the intraperitoneal route

for administration of the FCC was proposed, absorption studies were de-

veloped to validate absorption of FCCs from the peritoneal cavity. Using

FC-47 as a reference standard, absorption kinetics for this FCC indicat

a half time of less than two hours. Gas chromatography was used for

assay of the FCCs in fluids and tissues.

The screening; methods and protocols developed for the candidate

compounds include an Absorption Verification Study and a more prolonged

Mouse 'toxicity Screen Test.

Because of the relatively small amount of test compound received,

the protocol developed for screening; in mice had to be adapted to each

individual compound and could rarely be followed in its entirety. Flexi-

bility in the application of the protocol was essential so that the tests

selected would yield the most information for a particular compound.

A total of ii newly synthesized FCCs were screened with the above

methods and 20 commercially available surfactants were screened i vi-tri
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for blood compatibility. Of the 13 FCCs tested, one FCC, JPL-AB-6,

appeared to be the most promising candidate for further study. A second

FCC, .JPL-AB-13 was considered as the next most promising. Two others

were considered for further screening, and nine were rejected, classified

as too toxic for further testing.

I-or protocol and testing details, see Appendix I and I1. For the

complete report, the reader is referred to UBTL Final Report, "Artificial

Blood Substitute," (TR 222-013) or JPL Publication 77-80, "Synthesis

and Biological Screening of Novel Ilybrid Fluorocarbon Hydrocarbon Compounds

for Use as Artificial Blood Substitutes," (Annual Report, July 1976 to .July

1977).

Summary of Second Year's Study (1977-1978)

Under terms of the second year's contract, UBTL was given the charge

of biologically screening approximately 20 new FCCs to he done in mice

only. Studies were to be in greater depth using previously developed

protocols, modified to meet current test plans. No rat or dog studies

were to be included.

It was directed that emphasis should be placed on FCCs that proved

relatively non-toxic and that investigations should continue with at least

two of the promising compounds from the previous study.

'These :onditions were met insofar as possible with the biological

testing dependent on ,JPL for the supply of FCCs to test.

In this second year of study, a total of 14 newly synthesized FCi.s

were screened with biological testing. Of these 14 FCCs tested, two were

non-toxic and can be considered as candidates for further testing: these

were compounds .1i 1.-AB-14 and JPL-AB-32.

In addition to the biological screening described above, other Studies

were done as follows:

— ,JF,,-AB-b, a promising candidate from the first year's study, was

studied in greater detail and preparations were made for more detailed phar-
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macokinetic studies.

— Preliminary studies were done on the "shelf-life" of JPL-AB-6.

— LDSo techniques were investigated using FC-47 at various dose

levels.

— Sonication experiments were done to investigate the effects of

PH. CO376 N20, N2 and 02 on fluoride ion generations and concentrations.

1r
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SECTION 11: MATERIALS AND MLTii00S

Screening of Now FCCs

The 14 FXs were investigated witi. the biological screening methods

adapted from those used in the first year's study.

These methods are detailed in Appendices I and lI and consist mainly

of intraperitoneal absorption studies, observation for toxicity and death,

organ distribution studies with gas chromatography, and histopathological

studies on tissues.

Absorption of the FCC from the intraperitoneal injections was verified

by peritoneal wash techniques for recovery of any residuals as detected by

gas chromatography. If the mice did not die within 24 hours and absorbed

most of the injected sample, a new group were similarly injected and ob-

served for a two -week period. Organ distribution of the rCC with gas

chromatography was determined, and histopathological studies were done in

the mice surviving the two -week screening study.

In-depth Study of .TPI.-AB-:)

The most promising FCC from the first year's study, .TPL-AB-h, was

studied in greater detail this year but was more limited than anticipated

due to resynthesis problems at ,TPL. Protocols as indicated above were used

to study 8 mice, 2 for Absorption and 5 for Mouse Toxicity Screen studies.

Shelf-life Studies. As part of the Program plan for the second %-ear

study, 1IRT1. looked at the stability of both the neat and emulsified

The emulsion was aged for about 2 week s and the neat for 4 weeks at 37° C,

intermittently exposed to room air. Then the niat was emulsified for iniec-

^ion, after aging in that form, and injected i.p. into 3 mice. The aged

emulsion was injected i.p. ir.*. o one mouse. Followup studies were done to

compare r:..ults with those found in mice injected with the original un-;aged

FCC and are reported in the next section "Results".

one factor to consider with this series of ,TPI.--1R-ti studies compared

to last year ' s is ' ' s , ' .TPL stated that this batch of the FCC was more

carefully purified nefore it was sent to UBTL.
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W)50 Studies

We investigated the W150 of an FC-47 emulsion at various dose

levels. With a 50% emulsion, 3 mice were injected i.p. for each of the

following dose levels: S0, 100, 200 and 500 gm/kg.

Sonication lxperimentsr

In sonication experiments, 20', emulsions of FC-47 at pH 7.2. C-16,

under one atmosphere of CO 2 , N20, N2 or 02 respectively, were first

purged by bubbling the specific gas through the solution for S minutes

then sonicated continuously up to 90 minutes to assess generation of

fluoride ion. Fluoride ion was determined at 30 minutes intervals by a

fluoride ion-specific electrode. The calibrating standard solutions were

adjusted to match the ionic composition of the emulsions. In a related

experiment, 20: FC-47 emulsions were similarly sonicated at pH's of

4.0, 7.0, and 10.0, under one atmosphere of 0 2 . Sonication was performed

in a 2S ml rosette cell immersed in a water-ice bath.

The sonicating device used here and also for the other FCCs screened

has a lead zirconate and titanate probe (Heatsystems UltrascAcs Inc.,

Plain View, New York, Model No. 3S0).

I)ata flanag` ment

Again, this year, because of the small amounts of new FCCs (5-10

gm and occasionally up to 16 gm), only a few mice per compound could be

studied as a rule. With such small numbers of animals per compound,

statistical analyses are not feasible, so judgments on each compound were

necessarily made on observations of essentially individual mice under

different test circumstances for a given compound.

Interpretation of observations such as animal behavior, time of

death after injection, results of microscopic pathology, and some

FCC analyses, are reported in the next section "Results".
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SECTION III: RESULTS

New FCCs Screened

The results of biological screening of the 14 FCCs for this

year are described below. Table 1 shows the JPL-AB number, the

structure, the general animal reaction and the results in brief.

The table includes the FCCs we screened during the first year

(.JPL-AB- 3 to -13), but excludes .IPL-AB- 1 and -2 which were "start-

up" FCCs.

Two FCCs, JPL-AB - 14 and - 32 were the only two that appeared to

be promising during this year's screen. The others were rejected for

further study.

In most cases, these FCCs were injected intraperitoneally as a

20d emulsion and some with the neat form of the FCC. Co;:trol mice

were also injected at the same time. The majority of the FCCs were very

low in fluoride ion; that is, less th 	 l ppm, our lowest standard. In

those FCCs that were high in fluoride ion, the ion was extracted with

titer until low enough. It was then emulsified prior to injection.

1.	 .I1'L-AB- 14, rwo mice were injected i.p. for the 24-hour Absorp-

tion Verification Study. The mice lived and were sacrificed at the end

of 24 hours. The spleen was very large, approximately two times normal

size, and was whiti«h in color. The peritoneal recovery study indicated

70 remaining after 24 hours. Organ tissues were assaved for VCC level

in one mouse and the other underwent histopathological studies.

Because of the encouraging results of the Absorption Verification

Study, three more mice were injected for the two-we,,^k Mouse Toxi:.ity

Screening. 'these mice were sacrificed at the end of the two-week period

and FCC assays were done on peritoneal washes and tissues. All three

had peritoneal washes performed, but only two were assayed for tissue

levels, and the third was reserved for histopathological studies.

The FCC assay levels are shown in Table 2 and indicate that

the FCC was readily absorbed from the peritoneum, (930 in 24 hours

and 99.5% in 14 days), that high concentrations are observed in the
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Table I

Toxicity of Intraperitoncal Injection of Fluorocarboa-Hydrocarbon

hybrid Compounds

	

No.	 Structure	 Reaction	 Result

3. (CF3)3C-CH2-CH2-CH2-CH3 	 Ataxia & Violent Shaking	 Death
10-40 min

0

4. (CF3)3C-CH2- C \

0-CH2 -CH 3 	Ataxia	 Death

S.	 (CF3)3C-NH2

6. (CF3)3C-CH2-CH2-CH2-C(CF3)3

7. (CF3)3COH

Cl ClII
S.	 ((F3)3C-C-C-CF3

F F

1/7 Dose Neat Fluid

Violent

None

Total Relaxation

Ataxia

None

<15 min

Death
<10 min

Non toxic

Instantaneous
Death

Death
24-43 firs.

Non toxic

9.	 (CF3)3C-CH2-CH=CH-CH2-C(CF3)3	 Decreased Activity &
	

Impaired but

(I mouse - 0.69 gm)	
Tone
	

lived.

Death

1-3 firs.
10.	 (CF3)3C-CH2-CH2-CHI 	 Ataxia, Gasp,.;,

Convulsions
(F' Generated with Sonication)

CF 3
1

II.	 CF3-CF2-CF2-C-CH2-CH = CH 2	Tetany

I
CF3

(F - Generated with Sonication)

Death
1-2.5 firs.
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FCC'S STUDIED TO DATE	 (continued)

No. Structure Reaction Results

12. (CF3)3C-CH2-COONa Ataxia Death
S min

(H-C Soluble, High F _ Generation)

13. (CF3)3C -(CH.,)5-C(CF3)3 None Nan toxic

14. (CF3)3C-(CH:)2-C(CF3) None Non toxic

CFj
I

1 15. CF3-CF.
`
-CF2-C-CH2-CH2-CH3 Ataxia - Prostrate Death
 1 3-24	 lirs.

CF3

CF3
I

16. CF3-CV2-CF2-C-CH2-CH2-CH`-CH3 Sick - Prostrate Ocath
1 24-43	 firs.

CF3

CFa

18. CF3-CF:-CFz-C-oti
1

Re^laxatiun
lnD atttane^u+

Death

CF33

I

1 0 iF3-01,-Cf._ -C,O CH;-CH;
-

At.ixta Death
{ 4-12	 Hrs.

CF-

21.
1

CF3-CF2-CF2-C-0-CH2-CH2-CH3 Ataxia,	 Gasping Death
S-.4	 firs.

d CF 3

FF
t

i^
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• ti

CF3

1
8. CFa-i-0-CH2-CH2-CH2 -CH 3

CF3

CHs	 CHI

I
35.	 CH3- CH 2 -CH2 - (-CHs

cm 	 CH3

FCC'S STUDIED TO DATE (continued)

No.	 Structure	 Reaction

F3

24.	 CF3-CF2-CF2-C-CH=_C^^	 Agitated Q Violent

'O-CH=-CH3
CF3

CF3

1
27.	 CF3-CF2-CF2-C-U-CH(CH3)a	 Prostrate-convulsions

I
CFz

F3

2$.	 CFs -CF=-CF2-C-0-CH2-CH= -CH 2 -CH3	 Ataxia-Prostrate

I
CF3

CF'

29.	 CF3-CF2-CF2-C-0-CH2-CH(CH3)2	 Ataxia-Prostrate

CF3

CF3

31. CFs-CF2-CF2-C-L"2-CH3	 Ataxia-Prostrate

CF3

CF 3 	CF3
1	 1

32. CF3-CF2-CF2-C- (CH2 ) 2-C -CF= -CF2 -CF3	 None

I

CF 3 	 CF3

Results

Death
1-2 Hrs.

Death
3-6 Days

Death
18-24 Hrs.

Death within
5-6 hrs. or
recover $
survive

Death
3-5 Days

Non toxic

Choking-Prostrate
	

Death

5-7 Hrs.

Prostrate
	

Death

4-5 Hrs.
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liver and spleen at 24 hours, that these concentrations in the liver

and spleen drop by about one-half in 14 days, and that the FCC is

about SU", eliminated at the end of 24 hours. We must emphasize,

however, that Table 2 data was obtained from individual animals

in some cases and :in average of 2 or 3 animals at most. This accounts

for some discrepancies in specific comparisons, yet the general trends

arc similar for all three FCCs.

Pathology studies showed gross enlargement of the liver and

especially the spleen at 24 hours and at 14 days. The spleen exhi-

bited a gray-white cast. llistopathology studies on the 24-hour mouse

showed "lipid-laden" macrophages in the spleen and other minor changes,

but these changes are not as marked as seen in other test animals.

'tissues from other organs showed only minimal changes. in the two.-week

mouse, lipid-laden macrophages are seen in the liver and spleen with

fairly marked tissue reaction (swollen cells) throughout all other

tissues examined.

Status: This FCC appears to be similar to ,1PL-AB-6, a promising

compound studied in the first year. It is recommended for further

study and more complete evaluation.

Two of the three mice injected with the emul-

sion died within S hours, not violently but huddled and depressed.

One was alive  at 24 hours but appeared very sick and prostrate. This

animal was sacrificed for possible peritoneal wash to assess absorption

by G.C. methods, but this procedure was considered redundant when

findings (in the neat were observed.

A few days later three mice were injected with the neat FCC, and

all died within a five-day period. One assumption for the delayed death

with the neat was that the neat was probably absorbed more slowly than

the emulsion, allowing this group of mice to live longer.

Status: .11IL-Ali-15 is considered toxic and is rejected from the

stildy at this time.
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3.	 M IL-AB-lo. Several groups of mice were studied with i.p.

injections of the 20- 	 and the neat. A total of 10 mice received

the 20140 emulsions and were very sick, dying within 1 to 3 days except for

two which were sacrificed at 24 and 48 hours respectively. A total of 7

mice received the neat form and lived up to 3 weeks, some being sacrificed

at various times for residual FCC and/or pathology studies.

Pathology studies were done on 3 mice and showed varied changes.

i'lhe mouse sacrificed at 48 hours, with the 20% emulsion injection, was

prostrate at the time. Micropathology studies showed alterations

mainl y in the spleen with marred cell degeneration and histiocytic

proliferation. The kidneys, liver and brain showed lesser involvement.

The mouse sacrificed at 48 hours, with the Heat injection, was well at

the time. Diicropathology studies showed minimal changes, generall y with

onl y moderate congestion of the spleen. The third Mouse was well and

w.rs sacrificed 1 weeks after the neat injection. Studies showed some

fiver cord swelling and degeneration. the lungs were congested chroni-

cally and the kidne y tubules and glomeruli showed some degeneration.

Several FCC a-; say studies were Manned to clarif y the differences

noted clinicall y and pathologically between the neat and the emulsion

injected mice lint these were not completed due to contract contraints

toward the end of the study.

Status: 'This F(V was con s idered to be generall y toxic and rejected

for further study at thin time. Reassessment should not be completely

ru 1 ctl out.

1.	 .JIT-AR- 18. 'Three mice were injected with 10 microliters of

Ihi, FCC.	 All dirt within 5 minutes.

tit,Itu.:	 Itejrctvd; highl y toxic.

S.	 JIT % 1t '0 and -11.	 I'he two Vroups of three mice e,rch injected

wltll JIT - All -20 and -^'1 all died quietly within 2 .1 hours, huddled together.

1lso all the mice injected with the neat form of these two FCCs died

within 2 days.

H-17
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Status: Rejected because of toxicity.

b. .IPL^AR-24. The two nice injected with this FCC were dead within

one to two hours, dying an extremely violent death and very agitated.

Status: Rejected for further study.

7. MIL-AR-27. Three mice survived the AVS study (24 hours) but

were sick. The two-week studies were begun but the three mice injected

were dead 3-4 days later.

Status: Rejectei for further study.

Three mice were injected with this FCC and died

within 18 to 24 hours. Three mice injected with the neat died in less

than 24 hours.

Status: Rejected for further study.

9. .)PI.-AB-29. Appears to be unstable during sonication, generating

fluoride ion. Two groups of three mice each were injected i.p. (30 gm/kg)

and all died but one. Incomplete absorption is possibie in the mouse

that lived since sonication was done for IS seconds only to minimize

fluoride ion generation. Not enough left for neat studies.

Status: Rejected for further study.

10. .11 1 1. -AR-31. Of three mice injected, all were dead by the sixth

day. One mouse was injected i.p. with the neat FCC and lived 2 weeks,

and at the time of sacrifice the liver was enlarged and the spleen was

very small. No FCC left for additional studies.

Status : Rejected for further study.

I1.	 .11'L-AI;-32. Two mice survived the 24 - hour AVS study. One

mouse was sacrificed for histopathological studies and one for FCC

tissue assay. Two additional mice survived the two-week WS study

and were sacrifice! for histopathological and tissue assay studies.

The histopathological studies are pending.

'fable 2 shows the FCC levels for this FCC. 'rhe data generally

parallels that seen with .I1 1L-AR-14. The FCC, was readily absorbed and

-	 there were rather high concentrations in the spleen (liver moderate)
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at 24 hours dropping to about half in these organs in 14 days. About

74„ of the total FCC injected was eliminated in 24 hours and 864 in 14

days. of note is the relatively high concentrations in the blood at 24

hours, with a drop to zero at 14 days.

This data, like that for JPL-AB-6 and -14, was obtained from

single animals in some cases and the statistical validity is thus

inquired. However, the trends are similar for all three FCC's.

Furthermore, we did not have enough .1PL-AB-32 to adequately per-

form extraction efficiency studies, but, because the extraction effi-

ciencies of .11 11,-AB-6, -13, and -14 were essentially 850, and because of

similarities in molecular structure, we assumed an 850 extraction

efficienc y for .1111,-AB-32.

Status: This FCC is similar to ,JPL-AB-6 and -14 and classified

as a promising compound.

12. .11 1 1,- A B-33. 'I'wo mice died within 6 hours with a 203 emulsion

injection and one mouse within 24 hours with the neat injection.

Status: Rejected for further study.

13. 11'1.-Ali-35. 'Three mice were injected with this compound which

is not a fluorochemical. All died within 5 hours.

Status: Rejected for further study.

In-depth Study of .1111-AB-0

II'I.-Alt-t^, the most promising FCC from the first year's study, was

resynthesized by .11 1 1. for further stud y in the second year.

.11VII, rcccived 1::.3 grams of JI'1,-AB -b from ,11'l, on November 2, 19,

A -.unimar y of the mice dosed with this FCC is shown in 'fable 3:
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Table 3. Summary of Mice dosed with JPL-AB-6

Injection Dorm	 Vase	 Time Alive	 Follow-up	 No. of
Post injection	 Studies	 Mice

Emulsion	 30 g/kg Sacrified - 24 hrs. Perit. Wash	 3

30 g/kg Sacrificed 2 wks. Perit. Wash, Tissue	 S
Levels Histopath

(1 of the S mice died at 17 hrs.)

"Aged" Emulsion	 30 g/kg Alive - 1 month 	 Perit. Wash, Tissue	 1
Levels Histopath

"Aged" Neat	 30 g/kg Alive	 Perit Wash, Tissue	 3
Emulsified for	 Levels Histopath
injection

(All controls alive and well.)

Three mice were injected i.p. with the emulsion for the 24 hours'

Absorption Verification Study. 'these lived but were sacrified at 24 hours

for FCC assay of peritoneal wash. Table 2 indicates that approximately

05. of the fluorocarbon is absorbed in 24 hours. This fast rate of absorp-

tion insures that the mouse is exposed to the full dose physiologically.

Five were injected i.p. with the emulsion for the two-week Mouse

Toxicity Screen (KI'S). One mouse died on the second day, quiet and sick.

The other four remained alive and well along with the controls and were

sacrificed at two weeks according to the two-week Mouse Toxicity Screening

Protocol. Two mice were preserved for a histopathology examination after

thcir heritotical wash. Recovery of .IPL-AB-6 from the peritoneal washes

and selected organ tissues of the remaining mice are tabulated in Table 2.

These data reveal findings similar to those of .11'L-AB-14 and -32. The

highest levels are in the liver and spleen. Furthermore, they indicate

tit-it essentially all of the fluorocarbon has been absorbed and that

al)hroximately 801, of it has been eliminated from the body during the 14

days post injection. This fluorocarbon compound appears to be similar

to the FC-47 in its time distribution with the spleen and liver scavenging

most of the emulsion and that these data are very encouraging because

{
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they indicate a reasonable rate of excretion of the compound. Its

duration is long enough to be effective as a blood replacement, yet it

appears to be excreted from the body at a reasonable time.

1. Shelf-life Studies, During the screening studies done in

the first year of the contract, it was noted that JPL-AB-6 appeared to

become more toxic with time. This was based on the observation that all

mice• died which were injected several days after the initial testing of

.11'L-Ali-G.

Table .i shows that the four mice were still alive following the

i.p. injection of both aged emulsion and aged neat. The neat was

emulsified for injection after aging in that form.

One factor to consider with this series of JPL -AB-6 studies

compared to last year's is that .JP1, indicated that the FCC was more

carefully purified before testing.

2. 1 1atihology Studies. Detailed reports were received from

11111I.'s pathology consultant, Dr. .John Carlquist, on the mice studied

with AR-b. The following summarizes his report:

Two mice were injected with a 20 1., emulsion of the .JPL-AB-6 and

were sacrificed at the end of two weeks. Marked degenerative changes

were noted, especially in the spleen, with histiocytic proliferation

in the spleen. This was interpreted to indicate a marked phagocytosis.

Thcre was a rather marked degree of edema of the lungs, marked degene-

ration of the liver cord cells, and the kidneys showed some epithelial

degeneration. It was reported that the two mice were essentially the

same from a standpoint of pathological features with one showing more

degenerative changes in the liver and kidney than the other mouse.

Dr. Carlquist emp.:isized that the striking feature of the examination

was the marked histiocytic proliferation within the spleen which

apparently represents deposition of the chemical in the spleen.

One mouse was injected with "aged" .JI'L -AB-6 to study the effect

a
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of shelf life. This was a 2016 emulsion. At the end of four weeks,

the mouse was sacrificed; mild changes were noted in the epithelium

of the liver and kidneys. Again, the major alteration was a marked

histiocytic proliferation in the spleen.

One of the five mice injected with IPL-A8-6 (2016 ommision) died

at the end of 18 hours, while the other four lived and were sacrificed,

at the end of the two-week period. Marked changes were noted in all

tissues with marked cell degeneration as the most striking feature of

the splenic section. It should be added that gross and microscopic

inspection revealed blood in the small intestines with sections showing

frank necrosis.

1. Summary of .IPL-A8-6. A summary for this FCC was prepared

for Nlil.111 by copy of their memorandums dated April 14, 1978. This memo

and the summary are found in Appendix III. Tissue culture, animal

studies, oxygen solubility, vapor pressure and so on, are presented.

LD50 Studies

We investigated 10 s
o

techniques using FC-47 emulsion at various

.lose levels. With u SO% emulsion, 3 mice were injected i.p. for each

of the follo,+ing dose levels: SO, 100, 200 and 500 gm/kg, At $O mg/kg.

all mice liv,!d. The spice given 100 and 200 gm/kg all died within 2
days. and at the 500 gm/kg level, 2 died and I lived, suggesting the

Lll50 was bt;tween SO to 100 gm/kg. Additional mice studies confirmed

this r.! !:ge but tho end-point was not sharp.

It is possible that the deaths could have been clue to volume

overland of the peritoneal cavity.

Sonication Studies

In sonicat'ion experiments, using; 201, emulsions of FC-47, each under

one ,atmosphere of CO 3 , N,O. N2 and 0, respectively, a significant increase

of fluoride ion with time (up to 90 minutes) was seen with the 0, and Vii,
atmospheres. See I l igure 1. Very little increase occurred with N,0 and -

CO., atmospheres. using an atmosphere of 0 2 , the pil did not affect the

.mount of fluoride ion generated at pil of 4.0. 7.0 and 10.0.
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SECTION IV: DISCUSSION

Introduction

Host of the fluorocarbons synthesized by JPL and subsequently tested

by IJBTL differ chemically from the "perfluorocarbons" which have domi-

nated hemoglobin substitute research. The test compounds are largely

fluorocarbon-hydrocarbon hybrids. Such hybrids not only have a greater

potential to become metabolically altered, and hence possibly generate

toxic metabolites, but they probably also have different distributions,

hence different biological activities, than perflu.-orocarbons. Conse-

quently, the Nouse Toxicity Screen was designed specifically to test for

toxic effects that derive from the inherent properties of the teat

FCC rather than its biophysical properties, its emulsion or adverse

effects of rapid volume expansion (see "Route of Administration" below).

Owing to the sa;ill amounts, usually 5-10 grams, of the Test FCCs

made available to us from initial synthesis, we were obligated to use

them sparingly but at the same time to clearly identify those FCCs that

were signifi-antly toxic or nontoxic. Retesting was often not possible.

11us, the candidate compounds synthesised by JPL which met basic physics-

chemical requirements as stated in the aFi' were subjected to basic gross

(	 toxicity and tissue retention testing in mice at USTL.

t

	

	 Also, because of the relatively small amount of test compound

received, the protocol developed for screening in mice had to be adapted

to each individtuii compound and could rarely be followed in its entirety.

Flexibility in the application of the protocol was essential so that the

tests selected would yield the most information for a particular compound.

Material% and Mothods

'I'lie biological screening methods consisted mainly of intraperitoneal

(i.p.) injections with related i.p. absorption studies, ohservations for

PKCWM PAGE BLANK NOT FILMED

H-25



toxicity and death, organ distribution studies using extraction and gas

chromatography for assay of the FCC and histopathological studies on

tissues. Absorption of the FCC from i.p. injection was verified by

peritoneal wash techniques and C.C. analysis for recovery of any resi-

duals. Twenty-four hour studies and 2 week studies on mice formed the

basic protocols.

1. Route of Administration. The intraperitoneal route was

chosen for three reasons: l) The intravenous route is unsuitable

for the purpose. Unexpected coalescence of particles of FCC in the

emulsion may give rise to droplets large enough to effect FCC-embolism

and hemolysis and/or intravascular clotting may accrue due to the sudden

contact between emulsion and blood, or the oncotic properties of Pluronic

F-68 may not be manifested in the expected way in the presence of

certain FCCs. In such instances, "toxicity" should not be attri-

buted to the test FCC but rather to a failure in appropriate make-

up of the emulsion. Furthermore, adverse effects can follow the

vary rabid expansion of the intravascular volume. Consequently, it

is desirable to employ a route other than the intravenous route.

2) The specification for emulsions to be administered intraperito-

neally are much less demanding than for emulsions to be given intra-

venously, hence a saving in time and materials can be made in pre-

paring emulsions for the intraperitoneal route. 3) Absorption time

by the intraperitoneal route is usually adequately rapid, even when

rather unstable suspensions of quite insoluble drugs are used.

a. Validity of the Intraperitoneal Route. In establishing

the protocol to be used for screening the new FCCs, it was critical to

prove the hypothesis that the intraperitoneal (i. ,i.) route of dosing

mice with FCCs was valid. This hypothesis was tested using FC-47 be-

cause of its widespread use in experimental animals and a relatively

large literature reserve documenting its use. The test results sup-

ported the hypothesis and that I-C-47 could be used as our control

FCC:. Details are described in Appendix I, but to summarize: experiments
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clone in these laboratories with a 20' v/v emulsion of PC-47 in Pluronic

F-08 iso-tonic saline solution have shown that the absorption half-time

%s less than 2 hours with a dose that is approximately equal to that con-

=	 tained in .a total blood replacement (approximately 100 ml per kg); by

`4 hours nearly all of this huge dose is absorbed. 	 i

Early in the study there was some discussion raised by Dr. Scherer

of JVL regarding; the use of perfluorodecalin as the "standard" reference

Compound rather than the FC-47 we specified in the proposal. Because

perfluorodecalin is not retained in the animal preparation and evaporates

through lung;/skin, it was proposed that this might serve as better

reference standard for our compounds. A change to this standard posed

several problems such as availability from England at that time, diffi-

culties in emulsification, purity and presence of unidentified Compounds,

and eventual approval by NIILBI if we recommend this change. Later

discussion with the UBTI. research group led to the decision to stay with

VC-47 as the reference standard.

b. Ahsorition Verification Studies. Although the absorption

studies with FC-47 indicated the suitability of the intraperitoneal route

for the Mouse 'Toxicit y Screen, it was possible that there may he FCC's

that were not absorbed well by this route. In order to attribute correctly

non-mortality or non-morbidity to lack of toxicity, it was necessary to

establish that the FCC: was, infact. absorbed. Consegviently, prior to

testing; for toxicity, each new FCC was tested in mice for the ability

of an emulsion of it to be absorbed from the peritoneal cavit y . A

dose of 100 ml/kg; of .10',, emulsion (v/v) made with 8.7W . Pluronic F - 68 in

phosphate buffer. pll 7.4 was given. and these animals were observed for

toxic effects according; to the description given under Item 4 in Appen-

dix 11. After 24 hours, the peritoneal cavity was opened and the resi-

dual FCC content reproved. II' the animals died before 24 hours and the

controls did not, absorption was assumed to have occurred and peritoneal

wash done only if especially indicated.

Peritoneal washes in mice injected with .11'1:-AB -0 and -8 in which

Y

	 test mice lived longer than 24 hours showed a recovery of 271• and Mp
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respectively, indicating absorption was highly probable. Later studies

with .JPL-AB-6. -14 and -32 showed a recovery of 7.0s at the most (see

Table 2).

To rule out any possibility that toxicity and death in these mice

could be due to the emulsification process and the production of unexpec-

ted toxins, one or more mice were usually injected with the neat FCC

(unemulsified) if enough was left over.

2. General Comments. It should be emphasized that not all studies

In the protocol could be completed on a given FCC because of the limited

amount of the newly synthesized FCC we received. For example, if a new

FCC proved overtly toxic killing the test mice in a matter of minutes

to hours, then it was assumed to be toxic and not investigated further.

Also, as we gained experience in screening, it was deemed cost effective

to omit such things as peritoneal washes, histopathology and residual

i'Ck: tissue studies in I-CCs that were overtly toxic.

Ite main purpose for such flexibility in the application of the

protocol was to obtain maximum information on the first batch of every

now FCC to conserve on resynthesis effort, time and cost. Our task was

to show with reasonable certainty that an FCC was either toxic enough to

he rejected or safe enough to qualify for resynthesis and further detailed

studies in animals.

In addition to the problem of getting the most information with

small FCC quantities, there were problems related to preparing the

samples for animal injection. Some FCC-, did not readily farm emulsions,

and the solids required heating and sonication while hot. When we checked

the IFI, we found that Nome VCCs required considerable "clean up" and
followup screening in animals with the clean compound.

Screening of Candidate Com)!ounds

of the 14 FCCs synthesized by .11 11, and sent to ul;n. for screening;

this year, 12 were rejected for further study and 2 proved to be pro-

A

	 mising candidates foi- further study, i.e., .IPL-AR-14 and -32. JPL-Ali-6,
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one of last year's hest candidates, was resynthesized and studied further

this year. MIL-AB-13, the other promising FCC from last year's study

was not resynthesized by .)PL for further study and accordingly was not

studied this year..

1. Promising Candidates. Both ,IPL-AB-14 and -32 were nontoxic

according to criteria for our two biological screening methods. They

are structurally similar to ,IPL-AB-6 and -13 which proved nontoxic in

last year's steady. All four are essentially FCCs with a small amount

of hydrocarbon buried in the center of the molecule, sterically hindered

from enzyme attack. Last year's JPL-AB-13 will not be reviewed for this

report. The sequence of discussing these FCCs will be altered from the

previous sections and they will be described according to the time se-

quence in which we studied them.

a. Ji ll.-AB-6. This FCC was considered to be the most promising

compound studied during the first year. Additional .)Pt.-A B-b was resyn-

thesized for further studies this year. The amount of FCC available was

again relatively meager allowing only very few mice to be studied. How-

ever, based on last year's experience, these studies could be conducted

a hit more uniformly and again showed promising results.

JI 1 L-AB-6 data indicate that virtuall y all the FCC was absorbed

by the mice and that approximately 80. was eliminated from the mice

after 1 .3 days. The spleen and liver showed the greatest retention

(see 'Fable 2) .

Pathology studies seem to parallel the tissue retention of FCC in

the liver and spleen. In particular, the spleen showed marked degene-

rative changes with histiocytic proliferation, interpreted as indi-

cating marked phagocytosis and deposition of the chemical in the spleen.

It is interesting; to note that our control FCC, 1'C-47, exhibited similar

involvement of the liver and spleen, One of five mice injected for the

two week study died : ► t 17 hours and pathology studies suggest a possible

mishap with the i.p, injection because of blood and necrosis in the

" -	 small intestine.

To summarize, this FCC appears to be similar to FC-47 in its tissue

distribution and pathology findings which suggest spleen and liver

scavenging of most of the emulsion. It is absorbed effectivel y and is

H-29
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	i	 excreted at a rate that should be desirable for an "interim" circulatory

adjuvant.

The pilot "shelf life" studies on this FCC seem to indicate that

the compound is relatively stable at least over a 2 to 4 week period.

b. 3PL-AB-14 and -32. As with JPL-AB-6, only limited studies

were possible due to the small amount of FCCs available for study.

The peritoneal ;absorption studies, tissue distribution, and histo-

pathological studies for these two FCCs indicate the same general

trend observed for .II IL-AB-6. Essentially all the FCC was absorbed

from the peritoneal cavity at the end of 14 days, the liver and spleen

showed the highest concentrations with a significant drop in concentra-

tion with time (14 days), and at least half or more of the FCC had

been eliminated at the end of 14 days. ,TPL-AB -32 showed a relatively

high blood level at 24 hours but speculation on this finding is diffi-

cult because this data represents the findings in only one animal.

The pathology bindings for .IPL -AB-14 are quite similar to those

found in .1111.-AB-0 studies and similar studies are pending on JPL -AB-32.

To summarize, these three nontoxic compounds, considered as candi-

dates for further testing, were found to have been readily absorbed

from the peritoneum; they produced no gross long-term toxicity; they showed

moderate histopathological changes, in most tissues, but usually marked

changes in the spleen; and they were eliminated from the body at reasonable

rates. Only limited pharmacokinetics could be done on these three FCCs

due to the small amounts of available compounds. These three FCCs along

with . 11 1 1.-Ali-13 deserve further detailed investigation with continuation

of pharmacokinetic studies and eventual exchange transfusions in rats.

c. Oata Constraints. The data we obtained is presumptive evi-

	

ra
	 dence for the general conclusions we have drawn, showing trends that

;arc similar for the three FCCs reported. In many of the studies, only
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one mouse could he subjected to a specific analysis, i.e., histopatho-

logical or FCC tissue retention studies, because of the necessarily small

quantities of FCC sent for testing. however, 2 or 3 mice were used

whenever possible. 'These constraints account for lack of some refinements

in the data presented and our inability to satisfactorily resolve some

discrepancies. But, we do feel that trends are reasonably well-demons-

trated based on the similarity of patterns observed between the three

1 :CCs. We do recognize, however, that the data could not withstand

statistical analysis at this time.

2. Rejected Compounds.  Compounds ,1PL-AB-15, -16, -18, -20, -21,

-24, -27, -28, -4.9 9 -31, -33, and -35 were all considered too toxic for

further testing;, killing; the test animals within minutes, hours, or a

few days.

In some cases the animals injected with the neat fared well but

died with the emulsion. This was especially true for .1PL-AB-16. We have

hypothesized that their longevity and well-being is likely due to the

slow uptake of the neat, not being as well absorbed as the emulsion form.

Peritone-il washes would help clarify this point. Another possibility

is that the emulsification process may alter the FCC in some wa y ren-

dering; it toxic. .11'L-AB-29 was especially unstable during sonication,

always generating abundant fluoride ion.

General Observations: Years i and 11

In reviewing the total FCCs studied over the two years, most proved

to he toxic, with only four (J Pl.-AB-6, -11, -14, and -32) out of the 25

in 'fable 1 proving; non-toxic as assessed by the two biological screening

tehcniques used. Compounds .11 1 1,-AB-10, -11, -12, and -29 were unstable

as indicated by their release of IF ( and presumed concommitant toxicity

due to (F - I release. Some FCCs caused very rapid death and are presumed

highly toxic to some vital process (M IL-AB-4, -5, -•7, -12, and -18);

these, in general, have more chemically reactive Groups than the slower

acting toxic FCCs.
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From the above observations in this study, it appears that any

fluorocarbon-hydrocarbon hybrid has the potential of toxicity if the

hydrocarbon portion of the molecule is so located in that molecule 	 }-:

that it is vulnerable for metabolic attack or capable of interacting

with other physiologic entities such as membranes. However, if the

hydrocarbon is not so exposed and it appears as a perfluorinated con-

pound, then its toxicity is greatly decreased.

In general, the histopathological results suggest that for the

promising compounds, tissue changes are very minimal in the mice

sacrificed at 24 hours which received the 20% emulsion. Those

sacrificed at two weeks or more regularly showed the most marked

changes in the liver and spleen:

- Liver: Vacuolated swollen liver cell cords. Degenerative

changes.

- Spleen: Marked histiocytic response with macrophages laden

with "lipid" material.

'i'here were a variety of additional findings with kidney glomeruli or

tubule changes, lung edema, brain cells swollen, etc., but the degree

varied from animal to animal. The pathologist interpreted these liver

and spleen findings as a "toxic" effect on the liver and a marked

phagocytosis by splenic histiocytes of a lipid substance.

For the toxic rejected FCCs, only occasional histopathological

studies were justified. In mice with rapid early death (minutes),

changes were always minimal, becoming more moderate in mice who

lived long enough (hours to days) to develop tissue changes.
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SECTION V: CONCLUSIONS

A total of 24 new fluorochemical compounds (FCCs) were synthesized

by .JPL over the past 2 years for toxicological screening in mice by UBTL.

Three other compounds were screened but two were considered as "prelimi-

nary" and one, .JPL-AB-3S, was not a fluorochemical.

Most FCCs proved to be toxic, with only four out of the 24 proving

nontoxic as assessed by the two biological screening techniques used.

These four FCCs, ,IPL-AB-6, -13, -14, and -32, are structurally similar

with a small amount of hydrocarbon buried in the center of the molecule,

R sterically hindered from enzyme attack. 	 They were found to have been

readily absorbed from the peritoneum; they produced no gross long-term

toxicity; they showed moderate histopathological changes in most tissues,

but usually marked changes in the spleen; and they were eliminated from

the body at reasonable rates.	 Only limited pharmacokinetics could be

done on three of these FCCs due to the small amounts of available

compounds but they do deserve further detailed investigation with conti-

nuation of detailed pharmacokinetic studies and eventual exchange

transfusions in rats. A pilot "shelf life" study on ,JPL-AB-6 seems to

indicate that the compound is relatively stable at least over a 2 to 4

week period.
=

Of the toxic FCCs, compounds .JPL-AB-10, 	 -11, -12, and -29 were

unstable as indicated by their release of [F - 1 and presumed concommit-

ant toxicity due to (F ] 	 release.	 Some FCCs caused vary rapid death

and are presumed highly toxic to some vital process 	 (.JPI.-AR-4, -5,

-12, and -18); these,	 in general, have more chemically reactive groups

than the slower acting toxic FCCs.	 In some cases the animals injected

with the neat fared well but died with the emulsion.	 We have hypothesized

that their longevity and well-being is likely due to the slow uptake of

the neat, not being; as well absorbed as the emulsion form. 	 ,another possi-

bility is that the emulsification process may alter the FCC in some way

rendering;	 it	 toxic.

a-	 - From a chemical structure standpoint, it appears that any fluoro-

carbon-hydrocarbon hybrid has the potential of toxicity if the hydro-

carbon portion of the molecule is so located in that molecule that it
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is vulnerable for metabolic attack or capable of interacting with

other physiologic entities such as membranes. However, if the hydro-

carbon is not so exposed and it appears as a perfluorinated compound,

then its toxicity is greatly decreased.

Owing to the small amounts of the Test FCCs made available to

us from initial synthesis, we were obligated to use them sparingly

but at the same time to clearly identify those FCCs that were signi-

ficantly toxic or nontoxic. Retesting was often not possible.

Also, because of the relatively small amount of test compound

received, the protocol developed for screecing in mice had to be

adapted to each individual compound and could rarely be followed in

its entirety. Flexibility in the application of the protocol was

essential so that the tests selected would yield the most information

for a particular compound.

As a result of these contraints, the data we obtained is consi-

dered presumptive evidence for the general conclusions we have drawn,

showing trends that are similar for the four promising FCCs. In many

of the studies, only one mouse could be subjected to a specific ana-

lysis. 'these constraints account for lack of some refinements in

the data presented and our inability to satisfactorily resolve some

discrepancies. We do recognize, however, that the data could not

withstand statistical analysis at this time.

Recomendations. Additional, more comprehensive in-depth studies

should be done on the four promising FCCs. This means that larger

:amounts of each compound should be resynthesized so that statistically

significant numhers of mice could be studied to verify the encouraging

trends noted in these studies. Such studies would assure that these

1 :CCs merit later more complex exchange transfusion studies in rats and

large animals.

Additional studies should include a more complete look into

-	 )harmacokinetics, oxygen solubilities and physical characterization,

111) 
so

in some instances, tissue culture, mutagenicity testing, and blood

compatibility studies.
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APPENDIX I

1. Ahsorption studies

2. Screening Methods for Candidate Compounds

z

H-35



APPENDIX I

I. Absorption Studieti

In preparation for testing the now FCCs to be received from JPL

absorption of I-t:Cs from the peritoneal cavity by the i.p. route

required validation to support UBTL's basic hypothesis that this

would be an effective route of administration. The i.p. route for

dosing mice, if it proved effective for systemic FCC absorption, was

elected because the investigators felt that this approach would serve

as a more reliable test for toxic effects which might be classified

as biochemical in nature rather than those effects caused by mechanical

or vascular damage which might occur when the emulsion is injected

intravascularly. It also would allow for injection of the "neat"

compound without emulsification. To implement this validation pro-

cedure, UBTL established:

-- Reliable gas chromatographic techniques for biological

testing of fluorochemical compounds using the commer-

cially available FCCs, Fluosol-43* and FC-47.

*The green Cross Corporation -1/3, Gamou-cho, Joto-Ku, Osaka, Japan,
Available in U.S.A. through Grand Island Biological Company, Pine and

Mogul Street, Chagrin Falls. Ohio 44022

pKCEMNG PAGE EII ANK NOT FILMED
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-- Reliable protocols for effectively dosing mice via

the intraperitoneal (i.p.) route with FCCs and eval-

uating dose absorption.

--- Optimum peritoneal recovery techniques and tissue

level assays to more objectively evaluate the effec-

tiveness of FCC absorption by the i.p. route, as

monitored by FID-GC. The procedures developed for

these absorption studies are described below.

a.	 Gas chromatogi,.phy. In the development of gas chromato-

graphic analysis and solvent extraction procedures for quantifying

the absorption of FC-43 and FC-47 from the peritoneal cavity of

approximately 35 mice, preliminary extraction experiments were

conducted using the more uniform commercial Fluosol-43. This was

used because of some difficulty initially encountered in emulsifi-

cation of K-47 with Pluronic-Fb8** solution.

The extraction of FC-43 from 1 ml of Fluosol-43 using 10 ml of

FRE'ON-113/ethanol (5:1) in vitro gave a quite reproducible recovery

response as determined by gas chromatography (coefficient of variation

34"»). The coefficient of variation of replicate standards was 211'.

Standard curves were carefully constructed with numerous points, in

order to prevent error from non-linearity. Data on extraction

recovery is shown in Appendix II as 'fable 1.

**BASF Wyandotte Corporation, Wyandotte. Michigan 48192
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The development of in-house sonication techniques allowed similar

studies to be done with FC-47; subsequently, FC-47 has been used

exclusively.

h.	 Absorption Studies in Mice. These studies involved the

injection of test fluorochemicals into the mouse peritoneum as a

route of administration, so that problems associated with the intra-

vascular route could be avoided. To verify that absorption occurs
E

i

	 by the intraperitoneal route and to rule out the possibility that

injected FCCs may be retained in the peritoneal cavity, a series of

studies in mice were performed by injecting an emulsion of FC-47 with

I'1-F68. The FC-47 is the standard to which new FCCs were to be com-

pared.

1)	 Experiments on Peritoneal RecoverX. Initial experiments

on recovery of VC-47 from the peritoneum were done in live mice. How-

ever, because of ongoing absorption from the peritoneum and consequent

variability in residual FCC, it was decided to perform recovery experi-

ments in freshly killed mice. In these experiments, the FC-47 was

administered after the mouse had been killed with chloroform. The

dead mouse model represents "time zero" from injection, with the mouse

xacrificed immediately after iniection before any absorption could

take place.

'three peritoneal wash techniques were investigated in order to

determine the technique that yielded the highest recovery and great-

est reproducibility. Recoveries with two dose levels of FC-47 were
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determined (30 g/kg and 3 g/kg). Five mice were dosed intraperiton-

eally (i.p.) with PC-47/P1-F/68) in each of the 6 studies.

The three wash methods investigated were: 1) Whole body peri-

toneal wash'in which the peritoneum was opened before shaking the

whole mouse with the solvent, 2) perfusion of the peritoneum, and 3)

rinsing the open peritoneum and viscera. The first method, the "whole

holy" peritoneal wash, appeared to be the best method since it yielded

the highest recoveries (90% for high dose, 971 for low dose), and was

the most consistent of the three.	 Further details on 	 ,e recovery

methods are found in Appendix 11. "toad House Peritoneal Reenvery

Methods."

The "whole body" peritoneal wash was used to obtain the quanti-

tative data for the "Absorption Kinetics Studies" which'follow.

2)	 Absorption Kinetics Studies. These studies were intended

to determine the rater of absorption of FC-47 from the peritoneum. The

dose employed was 80 al/kg of a 201 v/v emulsion, a dose volume tlut

is approximately equal to the total blood volume of the mouse. After

1.1). injection, mice were sacrificed at 1 minute, and 2, 8 and 24

hours. These mice were subjected to whole body peritoneal wash and

absorption was implied by determining the recovery of FC-47 from the

peritoneal wash. Five mica were studded at each time interval. The

absorption curve is shown in Figure 1.

:
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In these studies the FC-47 content of the liver, spleen, and

blood of all mice injected were also determined, to correlate their

kinetics with the recovery (absorption) curve. A total of ninety-

five tissue specimens were assayed for FC-47 by gas chromatographic

analysis for this tissue recovery study. This tissue analysis com-

plements the peritoneal assay and a plot of the recovery values is

shown in Figure 2 which should he compared to values in Figure 1.

The (;.(,. ti <'.ue	 data is in Appendix 11, ')'able 11.

Technical prohien ►s with the analysis of the blood samples in

the 1122 hour" mice rendered this part of the blood assay invalid.

As anticipated, these data verify absorption of FC-47 by the

peritoneal injection route in mice over a 22 hour period, indicating

that this method of closing mice is a plausible route for the new

FCCs to be studied.

C.	 Distribution Stud ies. A pilot study on the distribution

of the VCC, using Fluosol-43 and emulsified FC-4; as models, was also

40111h1eted. 1111 1 : 100s01-43 was given both i.v. and ► .p. and the FC-4 -

only i.p. in rats. After one weel, the brain, heart, liver, spleen,

and blood were assayed for FCC by an Fla-GC extraction procedure

similar to that of Yamanouchi, QLal . .,1975*.	 Detectable

quantities of FCC were found only in the liver and spleen, the spleen

having; the higher content. It is of interest that the hepatic and

splrnic contents of IV-47 given i.p. were higher than those of rluo-

so) l.i g even h^ rcthrr the i.v. ur i.p. route.	 I'hi^ indir.I CS the

bioav;cilabi1its • of the FCC emulsions prepared in this lahoratory,

and are in agreement with the absorption studies.

' Y;imaHOU4hi, K., Suzuki, A., litsumi, 1., and Naito, R., "Determination

of Per Fluorucheinic• als in organs and Body Fluids by Gas Chromacogrnphy,"
Chem. Pharm. Rull. (Tokyo) 22:29uu-71.
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ScwcmijA& Methods fox Qnjidatr,, QM2ounds

With the establishment of reliable G.C. methodology and vali-

dation of hC-47 absorption from the i.p. route in mice, we developed

protocols supported by these studies for screening the new FCCs to

be received from JPL.

a.	 Sample Management. Upon receipt of JPL samples for screen-

ing, the samples are logged in, weighed and refrigerated. Some of

the sample was retained for G.C. characterization if the compounds proved

non-toxic..

As a rule, all samples are prepared for animal i.p. injection

after emulsific.: ' ra n with P1-F68 by means of sonication in a CO2

atmosphere for 3 to • minutes. A 20% (v/v) emulsion was made usually

with I.0 ml of FCC , 4.0 ml of P1468 solution (5.76% wt/vol in

isotonic Phosphate buffer).

From our preliminary experiments, as well as available liter-

ature, it appears that sonication* is the most effective method for

the preparation of small volumes of fluorocarbon emulsions. However,

sonication procedures may possibly produce toxicologically significant

levels of fluoride ion in the emulsions; therefore, we have purchased

a fluoride ion selective electrode to monitor fluoride ion levels.

If necessary, most of the fluoride can be removed with a simple water

*Model 0150 with 13 mm O.U. probe, 150 watt sonic. generator, Artex

F

	 Systems Corporation, 275 Adams Boulevard, Farmingdale, N.Y. 11735.
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extraction.

Since the emulsions prepared for screening purposes

need not be as finely emulsified as those used in intravenous injec-

tions, suspensions of test FCCs have been sonicated at about 100 watts

per cm2 for only 3-S minutes, a time which generates minimal amounts of

fluoride from most FCCs.

h.	 Screening Tests. After the compounds were prepared for

-	 i.p. injection, "Absorption Verification Studies" (AVS) were per-

formed and were followed by "Mouse Toxicity Screen" (MTS) tests.

Figure 3, "Protocol blow Diagram for New FCCs" outlines the procedures

a new candidate compound ideally goes through. However, this protocol

could not routinely be adhered to in its entirety with every new com-

pound because it was not always possible to produce enough FCC in the

initial synthesis to do this. Therefore, decisions had to be made

to adapt the protocol for maximal testing results.

1)	 Absorption verification studies (AVS). These were con-

ducted as follows: Three mice for each compound were injected i.p.

with 201, v/v"emulsion in a dose of 100 ml/kg of body weight. They

were observed continuously during the first half hour after injection,

then at half-hour intervals for one and a half hours, and then at two

- i	 -

- ^	 U

hour intervals up to 24 hours. (In the MTS, twice daily for 14 days).

Not only was mortality noted but also changes in behavior, movement,

responsiveness, appearance, etc., were recorded, as well as the char-

acteristics of dying. Over 90 routine observations were made accord-

* Or 30% w/v it the FCC was a solid (assumed density = 1.5)
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ink; to a check list. A summary of the types of observations is given here

in Table- 1 and the check-off sheet relating to these observations is

in Appendix it as 'fable Ill.
i

The mice were sacrificed after 24 hours (unless they died earlier)

and their peritoneal cavities washed for recovery of the compound. This

helped to establish whether lack of mortality, when it occurred, was

due to lack of toxicity or lack of absorption.

If the FCC-treated mice died during this 24 hour test, and the

t
	 controls did not, then it was assumed the test compound was absorbed.

After the peritoneal wash, one of the three mice was placed

immediately in formaldehyde for later histopathological study and

the other two underwent whole body homogenization so possible metabo-

lites could he extracted. 'ro rule out any possibility that toxicity

and death in these mice could be due to the emulsification process

and the production of unexpected toxins, one or more mice were

usually injected with the unemulsified FCC if enough was left over.

Three control mice were injected with the 1'1-F68 solution (5.7610).

2)	 Motise Toxicity Scrccn (MI'S). In sonic cases, when death

occurred tinder 24 hours in injected mice, a special Mouse Toxicity

Screen test was performed at two dose levels reduced from the initial

m;iximum dose of 100 ml/kg body weight. Three mice would he injected

with 10 ml/kg and three with 1 ml/kg to assess the general nature

_	 of the toxic response basing the assessment on standard observation

H-47
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Table I

Types of Observations Made on Mice

Behavior: explorat.'wry, aimless wandering, nuzzling, wall-licking,
staring, preening, scratching

Movement: Waltzing, circling, shovel-nose, ataxia, writhing, paraly-
sis, prostration, subconvulsive and convulsive, nystagmus,
tail attitude and posture

Respiration: frequency and depth

Responses: foot withdrawal to pinch, touch sensitivity, startle
response to hand clap

Reflexes: Pinnal, lash, corneal, consensual light reflex, hind limb
placing, grasping, righting

Miscellaneous neurological: rotarod balance, inclined screen, tremors,
muscle tone

Miscellaneous: defecation, diarrhea, blood feces, miosis, mydriasis,
photophobia, exophthalmos, blinking, conjunctival and scleral
injection, corneal chemosis or glazing.

H-48



criteria for mouse toxicity testing. Even though the FCC in question

may eventually be rejected, results from these tests may possibly

influence the chemist's approach to synthesis of future FCCs.

If the mice did not die during the Absorption Verification

Studies, a new group of three mice were injected i.p. with the same

maximum dose of 100 ml/kg body weight and three with a reduced dose

of 10 ml/kg. further dose reductions were made when indicated if

enough sample was available. The mice were observed for 2 weeks

for death and/or toxic effects. This is the "upper" Mouse Toxicity

Screen test shown in Figure 3. If a test compound passed this test,

it was to he recommended for re-synthesis in larger quantity, emul-

sification and in vitro blood testing before going to the more complete

exchange transfusion (blood replacement) rat tests; these advanced

studies were not begun this year as originally planned.

It should he emphasized that this protocol was rarely followed

through its completion because of the small amounts of compound avail-

able for testing. The tests in this protocol were selected that would

yield the most information for that particular compound.

I

H-49

-i

g



APPENDIX II

1. Gas Chromatographic Analysis of Fluosol-43 and FC-47

2. Dead Mouse Peritoneal Recovery Methods

3. Absorption Kinetics: g.c. tissue analysis

4. Standard Protocol for Observation of Toxic Mice

i
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Dead House Peritoneal Recovery Methods

Initially, three mothods of washing the peritoneal cavity after

injection of a FC-47 suspension were carried out to determine which if

Piny of the wash methods might be suitable for recovering unabsorbed i'C

from the peritoneal cavity. Freshly killed twice were used in order to

reduce the possibility of transport of injected material out of the

peritoneal cavity, thereby increasing possible variation observed among

washing; procedures samples. Test groups consisting of S mice each were

injected with a high dose (2.0 ml FC-47 suspension per mouse, I.F.) or

a low dose (0.2 ml K-47 suspension per mouse, I.P.) and then a given

wash procedure was used on those mice.

The procedure which appeared to give the best overall precision

N.V. < 0.05) entailed placing the injected mouse in a polyethylene bag

(Whirl-iak) anti carefully opening the abdominal cavity with a longi-

tudinal incision and than a lateral incision to facilitate exposure of

peritoneal cavity to extraction material. After the above process was

completed, 25.0 ml of Lthanol/Froon 113 1:5 was added and the bag was

sc-tiled by rolling the top of the bag. After shaking the bag with house

an.l solvent by hand for two minutes, the lower organic phase was drained

from th: , bag; and placed in another polyettylene bag with 40 ml of

tlisti11vd water and shaken for one minute by hand. This second extract

U:1s nece, .s: ► ry to remove the ethanol from the Freon 113. finally, the

Vroon 113 phase was remot-c-d and placed in small vials which were frozen

u; -70% until analy:xd by gas chro-matography.

1 1 1e other two wash procedures were: 1) Perfusion of the peritoneirn

.11:a Z) upon pvritoiival rinse. The precision of these nethods varied with

t h.- dust 1Jvcn and the Covi'ficient of Variability (C.1'.) ranged from

( 1 .02 to 0.9.1.

I

s
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St. ;ikI&3 rd controls (no eicu) wore established In replicates of five
i ,::ich either 2.0 tal or 0.2 el of the PC -47 nnspension were added to
a po.^-othrlene hng and extracted with 2S m1 of extraction solvent. 'late 	

3
1	 -

pro:isioa of these extractions was C.V. a 0.02-0.04. UsinS the control
1	 =
t	 =a:.plet to represent 100% recovery from the polyethylene bag, the

roci ery of the high dose of fC-47 suspension was about 90% and the
g

r ^;tr: crti• for the low dose was about 977.
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Appendix:	 T#bit II.AhggMtion kinetic Studics:	 K.c. Tissue Analysis
ocovery of FC-47 fnm Tissues of Mice Injected i.p. with FC-47

Spleen .

Time 47/it ti_ iuo Standard Deviation

1 min. 50.08
39.14
13.78
41.85 36.21 15.66

2 hr. 17.2S
16.63
27.49
14.33 .
S.44 16.23 7.87

7 hr. 36.63
27.91
29.80
50.41
19.99 32.95 11.42

21 hr. 2.48
$7.29 29.89 38.76

21 hr. 30 C n.	 78.61
3.16

86.10 S5.96 45.88

22 hr. 72.20
115.89
130.70
133.67
77.92 106.08 29.17

Combined 21,	 21.S. 22 hr 75.80 46.06

Liver

.I. i	i FC-47/C tIssue S( Standard Drvintion

1 min 18.OS
30.87
19.05
17.48 21.36 6.37

P
2 b r 36.82 OF PwRR

y19

4.83
S.42

10.77
2.35 12.14 14.11

a



i%ppenu i x:	 i w o Li.	 (continued)

Liver Ti SSSUe (Cont.)

Time ^g FC-47/g tissue X Standard Deviation

7 hr 15.03

)

18.50

22.47

16.59

39.17 22.35 9.80

21 hr. 9.11
2.89 6.00 4.40

21 hr. 30 min. 29.80
1.46

3" • . 53 22.26 18.24

22 hr. 36.54 =

Y
53.78
66.72 =
41.03
58.66 49.35 9.92

Combined 21,	 21.5, 22 hrs 32.55 21.65

Blood

Time p	 FC-47/g tissue X Standard Deviation

1	 rein 86.98
54.28
66.25
104.78 78.07 22.35

2 hr 18.80
29.20
87.63
29.70
31.17 39.30 27.46

7	 hr. 46.79
36.81
11.90

105.46
42.45 48.68 34.50

21	 hr. 0.37
89.96 45.17 63.35

`	 21	 hr.	 30'	 min,. 0.51
0.00

154.85 51.79 89.26
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Appendix: Table It. (continued)

Mood (colit.)

Time	 As FC•47/s-LtsLue
	 9	 Standard Deviation

22 hr.	 140.79
97.16

	

246.13
	 161.36

	 76.58

Combined 21, 21.5, 22 hr
	 91.22

	 88.92
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Appendix: Table III.Standard Protocol for Observation of Toxic Mice

PHYSICAL EXAMINATION

A.NU Ol1SG11VATION OF MICE IN TOXICITY TESTING

MOUSE: NO.

Date	 . . . . . . . .	 17-T-F-1.1-- i I 'I I I I . 1 1 E7
Time 	.	 .	 .	 .	 .	 .	 .	 .

1. Activity

Dec exploratory activity

Inc exploratory activity

Jumping

l Judd 1 i ng

2. Rizarre reaction

Circus mrnVements

Aimless wandering

Backward movements

Waltzing

Nuzzling

Lickin g Compartment walls

Shovel-nose movement

Glassy-eyed stare

Circlin c, movements

:^.	 Phona t ion

Inc phonation

Dec phonation

Abnormal phonation

1. Sensitivity to pinch of hind foot

Increased

Decreased

An: t l t es i s

sensitivity to hand clap
k

Increasod

Decre"I'wd

_	 No reactivity

i
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Appendix: T.,hie l i l . (cont inued)

6. Sensitivity to touch

Increased
Decreased

Pinnai reflex depr

No pinnal reflex

7. Social interaction

ti.c rearing

Inc speed of rearinS

Dec rearing frequency

Dec rearing height

6. Abnormal tail

Rigid tail

Straub tail

Limp tail

9. Aggressive behavior

Increased

Decreased

10. Ataxia

H. Convulsions

Tonic convulsions

(Annie convulsions

Mixed convulsions

Sub-convulsions

Sub-convulsive movements

Audiogenic Seizure

12. Muscle tone

Inc muscle tone-limbs

Dec muscle tone-limbs

13. Paralysis

^	 1

H-b0



Appendix: Table M. (continued)

14. Somatic response

Inc preening

Dec preening

Rubbing; nose

Inc scratching;

Dec scratching

Writhing;

15. Postural reflexes

Hind limb placing reflex depr

Hind limb placing reflex absent

Grasping reflex depr

Grasping reflex absent

Righting reflex depr

Righting reflex absent

16. Prostration

Prustration

Loss of consciousness

17. Tremors

Tremors at rest and in movement

Tremors in movement only

13. Exophthalmos	 A. I Fil
19. Eye irritation

Eye opacity

Blinking; excessively

Iritis

20. Corneal reflex

Corneal reflex absent

s	 Corneal reflex depr

Lash reflex absent

H-61
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AlIpOlidix-	 T4111► 1C Ill.	 (continued)

21. Lacrimation	 11 1_ I

22. Nystagyms	 UIL] 
23. Pupillary light reflex

Absent	 I	 I	 I	 I	 I	 I	 I	 I	 I

Depressed	 -L LL I I	 I —I I. I I I I

24. Photophobi&

25. Pupil size

Mydriasis

Miosis

26. Defecation

Increased

Decreased

Diarrhea

Blood in stool
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APPENDIX III

1. Memorandum from NHI.HI, "Choosing the Most Desirable Fluoro-
carbons"

2. Summary of .114.-All-o Studies in Response to Memorandum
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^Yl L' lY1l^Kt^► 1V U U 11A IILI'AXTMENT Or' 11BA1.7'11, EDUCATION, AND WELFARE
PUDLir •EALTII SERviCB

i NATIONAL '^.. TITUTBS OF IMALTI!
NATIONAL HEART, LUNG, AND NLOOD SMIn ng

TO	 participants in Fluorocarbon Project 	 DATE: April 14, 1978

raw : Chief, Blood Resources and Transplantation Branch, DBaR

SUBJECT: Choosing the Most Desirable Fluorocarbons

on .0	 13, 1978, at Atlantic City, Nov Jersey, a group of representatives
.from the current fluorocarbon project met to discuss the best candidate
compounds for continued production in a new initiative. severai me rs
of the group felt that they were not rsadu at this time _to declare

r teria by khich the best compounds would be judged. These criteria
are as follows:	 ^'r

1. Oxuven solubility. This should be in the range of 35 to 5o volumes
percent.

2. Tox..^%=ity. This should be judged by tissue cult_r_ and animal infection
of the unmodified material (animal injection would be intraperitoneal).
intravenous replacement studies, in the form of an emulsion, may be
done but rigorous data with this type of testing would not be required.

3. Dwell time. No quantitative measures were agreed upon, but it was
thought that minimal residual should be present after one,:^ear.

4. The compound should 	 ^04 ' ►̂̂

S. Emulsion stability.

a. Use of a nontoxic stabilizer should be possible.

b. The material should form a nontoxic emulsion when given intravenously.

C. The emulsion should be stfble on the shelf for one to two .months
and for a short period of time (? severra^ h̀ours) when mixed with
physiological solutions.



6.ygpor pressure. rho vapor pressure of the compound should be such
that -We Mot interfere with the respiratory function of t he
recipient.

7. rho compound must be 41CAdy sunthesi&W and IL&M=scale, production
should be practical.

it was further agreed that members of the current project would respond
as soon as possible with any candidate compounds and would be prepared
to respond more definitively at 0 meeting of the group to be shceduled
in late June.

?P;eItPMb C. F'ratantoni, X.D.

Addressees:

Dr. D. Lawsanvl
Dr. R. Geyer
Dr. R. Moore
Dr. L. Clark
Mrs. L. Clark

.-Dr. J. Fratantoni
Dr. D. rherriault
Dr. R. Landaburu
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CANDIDATE

HYBRID FLUOROCARBON ARTIFICIAL BLOOD COMPOUND

JPL-AB-6

1,3-Di (NONAFLUORO-t-BUTYL) PROPANE

(CF 3) 3C- (CH 2 ) 3 -C (CF3) 3

C11H6F18 (MW ` 480.13)

Calc.	 C 2732%	 Found C 27.64

H	 1.26	 H	 1.35

MP 32	 refractive glass-like prisims from methanol

SUMMARY*

Oxygen Solubility

Calc.	 36.7 cm  02/100 cm  at 25%

Found	 35.8 cm  0 2/100 cm  at 25°C

Toxicity

1. Tissue Culture. Studies by Professor Geyer at Harvard Medical

School indicate that JPL-AB-6 was non-toxic in his tissue culture method.

2. Animal S t udi es. Mice injected intraperitoneally (i.p.) with

JPL-AB-6 emulsion for 24 hour absorption verification studies showed no

immediate effects that differed from the control mice. These mice sur-

vived without incident for the full 24 hours and, according to protocol,

were sacrificed for peritoneal recovery studies. Approximately 5% of the

fluorocarbon (FC) injected i.p. was recovered from the peritoneum at the

end of _'4 hours, indicating that 95% was absorbed during this time (see

Tall le 1).

*Data presented in the format suggested by NIH/NHLBI memo April 14, 1978

as per meeting Atlantic City 4-15-78.
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Histopathology studies showed essentially normal tissue patterns with

only mild congestion.

According to protocol, since the test mice survived the 24 hour test

and were sacrificed, another group of mice were injected i.p. for the

two-week toxicity screen, at the end of which they were sacrificed for

assay of JPL-AB-6. A brief summary of the findings related to this two-

week study is described in the next section "Dwell Time".

Dwell Time (Sojourn)

During this two-week study, the mice ;bowed no significant distress

as compared to controls. After sacrifice, recovery of JPL-AB-6 from the

peritoneal wash and from selected organ tissues of these mice indicated

that essentially all of the FC had been absorbed. Furthermore, this data

showed that nearly 80% of this FC had been eliminated from the body during

the 14 days' post-injection (see Table 2).

Histopathology studies in the two-week animals showed marked histio-

cytic proliferation in the spleen, probably representing deposition of the

FC here. Widespread degenerative changes, especially in the liver, were

noted, suggesting the FC had had some toxic effect but one which may possibly

be reversible. No striking inflammatory reaction was evident.

The above findings are encouraging because they indicate a reasonable

absorption and a reasonable rate of excretion of the FC. Its duration

in the body seems to continue long enough to be effective as a blood

replacement, yet it appears to be excreted within a desirable time.

Toxic Metabolites

This fourth item regarding identification of toxic metabolites in

the seven criteria addressed in the referenced memo above (see title page)

has not yet been investigated by USTL for JPL-AB-6 due to several con-

straints involving, for example, the availibility of large enough amounts

of this compound, contractual limitations (beyond scope) and the like. We

do know, however, that there are no Freon-113 extractable metabolites

a	 in this compound.
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Emulsion Stability

This compound exhibits relative stability as an emulsified system

suitable for i.p. injection. Pleuronic F-68 is apparently an adequate

stabilizer exhibiting no obvious serious toxic effects. However, in-depth

emulsification studies remain to be done and will become important when

blood replacement studies are to be considered.

Shelf-Life Studies

During the screening studies done in the first year of the contract,

a trend was noted with some compounds that suggested the possibility that

the new FC's may become more toxic with time. This was based on the

observation that more severe reactions occurred in mice injected days later

with a given FC when compared to those initially dosed.

Enough JPL-AB-6 was available after the two-week studies to continue

with "Shelf-Life" studies in a limited way. Mice were still alive at about

1 month following the i.p. injection of both "aged" emulsion and "aged" neat.

The neat was emulsified for injection after aging in that form.
The emulsion was aged for about 2 weeks and the neat for 4 weeks at

37°C, intermittently exposed to room air.

Vapor Pressure

The measured vapor pressure of JPL-AB-6 is 2.0 mm at 30°C. The

calculated vapor pressure is ti 4.8 mm. Both values are well below the

40 to 50 mm upper limit suggested by Geyer and Clark.
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TABLE I

24-HOUR ABSORPTION OF AS-6

House I
	

Amount Recovered I.P. 	 % of Injected

125
	

29.79 ing	 3.9%

126
	

25.41 mS	 3.4%

127
	

S1.4S a&	 6.3%
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TABLE 2

TISSUE CONTENT OF AB-6 AFTER 14 DAYS

Tissue	 Average	 Average	 of Injected
g/g tissue wg/	 organ

Peritoneum	 " --- 3.0 0.4

Liver 27.5 60.0 7.S

Brain 0.05 0.02 0

Blood ' • 2.2 S.4 (estimated) 0.7

Spleen 87.9 76.8 9.2

Remainder of Body 1,7 38.9 7
(inc. Blood)

TOTAL 178. 7 21.8 ««

• Avera;e of 4 mice. The remainder of the tissue averages were done

on 2 vice.

•' Figures shown for "Blood" are also included in "Remainder of Body"

and are not repeated as part of the 'Total".
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APPENDIX I

TISSUE CULTURE STUDIES WITH JPL COMPOUNDS

VOLUME RESPONsr, OF C.f:1_r.s
NO. CODE SIXIMURAL FORMULA

CF3CF Z CI uC(CI
2	 3'.

TI.S'rED

 '^

vRGVYiH` ^^..
11	 1	 1)^1

`.1	 ^t31l.f'fY
iITFF--I;ATT

1 JPL-AB-15 -CF12012013 0.4 90 92 99 99

2 JPL-AB-16 -C-12042(1{`013 0.4 f6 75 100 100

3 JPL-AB-17 -CH 2Q-i(CH 3) 2 0.4 63 40 99 99

4 JPL-AB-18 -0H 0.001 17 3 99 fig

5 JPL-AB-19 -OCIi3 0.1 8 1 72 70

6 JPL-AB-20 -00-12CH3 0.4 89 89 100 99

7 JPL-AB-21 -oaf C11 'al 0.4 88 99 1119 99

8 JPL-AB-22 -{f 1
2 oaf 

2 
(if 2 CH 3 0.4 55 40 98 99

9 JPT.-AB-23 4D	 - - - - - -

10 JPL-AB-25
XF3CH Gi -OCNy 033 0.002 50 8 8 67

* PERCEIti f OF COYI-ROL

(Performed 1w P. P. Geyer, Dept. of Nutrition, Harvard

Universit y .,chool of Public Health)
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No. of steps LLzA 4J
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1Migrnm 1kHrMpllan 1
I Provem Tbb Eatimation of Physical Properties from Chemical Structure.

Cw** wa's Mom Tobta F. Terranova

Addier	 Jet Propulsion Laboratory, 4800 Oak Grow Drive.

C*t	 Pasadena	 aft California	 ZOO tede 91105

p,Wm DOW40ea. Equegsse.yaIWW" Given the chemical structure of a fluorochesical,

group additivity constants * are stied to calculate the energy of vaporisation

(AEv cal/mole), molar volume (V cm 3/sole), solubility parameter (61 eel 
l/2 /am 3/2)^

boiling point (Tb •C), and solubility of oxygen gas in 100 ell. of the nest liquid

at 25 0G. The pertinent equations &ra t 	 __ 1 . _^_.
• ----	 n•

1.) 4% • 1:01 2.) V • Zvi 3.) 610 (6v/v)% 4.) P• T

	

	
12.2497_ 1-8 _ y

a XT	 8. 0.8846

A - 0.0724

5.) rb •C • ̂
_9+[ 5  -	 c-t1N	 - 273.15	 c -177..17

+
Y2( 61 - 62)4

-	 In V + 1 - v?
x2 • 17.638 x 10-4

b.) In x	 - lox	 -2	 RT 1	 1
6py	 5.7
RT • 592.424

T.) em3 	02/100 a" "q ' 02) (2.4465 x 105)

8.) v2	-19.85 + 15.90 In 482 98 (open chain compounds)

9.) 12	-100.15 + 39.90 in 4Sr98 (ring compounds)

r

OpetatMgURNheadW*Mtgs	 Always start each new example with GSS 0. This ansuru that
3

registers and the stack start with a value of taro.

This Program has Omen verified only With respet:t to the numetital example oiwn in Program DOW~ It. User acCepts and uses
this ProOiam material AT Nib OWN RISK, in reliance solely upon his own inaWlion of the p"am McWlial and withoiA rNiance

A
	 upon any repmarnation or dea nM pn conaemnq the pf"Mon maNNaL

NEITHER HP NOR THE CONTRIBUTOR MAKES ANY EXPRESS OR IMPLIED WARRANTY OF ANY KIND WITH REGARD TO THIS
PROGRAM MATERIAL, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES Of MERCHANTABILITY AND FITNESS
FOR A PARTICULAR PURPOSE. NEITHER HP NOR THE CONTRIBUTOR SHALL BE LIABLE FOR INCIDENTAL OR CONSEOUEN-
TIAL DAMAGES IN CONNECTION WITH OR ARISING OUT Of THE FURNISHING. USE OR PERFORMANCE OF THIS PROGRAM
MATERIAL,
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llwgram 1husrrlpikin 11
8^aleh^as)

F`	 CF3
F

F2	F2

F2	 F2

F F2

Sample problem($)	 Calculate E;98 , V1 , Tb , P, and 02 solubility of perfluoromethyl-

decalin. The group additivity constants for equations 1.) and 2.) are:

CROUP	 e1	 vi

CF,	 783	 23.1

CF 3	1933	 54.8

CF	 -396	 -15.0

6 atom ring	 2272	 39.9

#mution(s)	 (Keystrokes)
1933.00	 ENTT -396.00 EVrt 39.90	 ENTT	 CSBE

54.80 %SBA 3.00 X 2.00	 X	 1.00	 R/S

54.80 *** ENTT GSBA	 39.88 02 ***

1933.00 *** -15.00 ENTT 251-30V	 ***
l077O.0OAi0**3.00 X

783.00 ENTT GSBA

7.00 X 171.50 *** GSBB

ENTT 6226.00 *** 6.5562 ***

23.10 ENTT GSBC
i	 7,00 g 2272.00 ENTT 157.95 Tb ***

2.00 X GSBD
i	 216.50 ** ENT 6.13P	 ***

***

Reterencefe)	 D. D. Lawson, J. Noacanin, K. V. Scherer, T. F. Terranova, and

J. D. Ingham, J. Fluorine Chem., 12, 221, (1978).
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STEP INSTRUC noNs CAT^~W^MTE KEYS OUTPUT
 Ti

1

_

3

L

S

6_ - 	.

9

Jo
_

11_

Load a l^^?E _^

Ensure all relisterg and
Input	 value - of jLrou>a.

Input v, value of group. _ -

Sum eiinto Ra and yj into R9 .	 Continue unti

LD..._I

^-.--J ^atar^

^___ {

{	 ^I	 {

(	 B	 {

t l	 C	 I

{	 I1	 0	 1

E

I	 I I 	 i

{	 __	 I{	 {

RIS

i	
I	 (	 {

I	 I	 {

I	 I)

i	 it

I	 ^{

I	 {	 I	 ^

{	 i^

(	 ({	 I

I	 (^

{	 {^

{	 {I

I	 ^^	 I

i{	 1

I	 I{

0.00

v

at
all e ,, and vi values representin g the structur-

a l parameters in the molecule have been summed.

Ca b cal	 cm

T 'C

tak P torx
Calculate 0, solubility/100 ml. of liquid.

gAter
pounds or 1 for cycl ic compounds. 0 or 1

To &t the 0, solubility of the compound hit R1 CM3 0 41101

steps 2-11,

-

T

Qant

4o ar Vn uma (V I I gf compound

Rgi-_Engr gy 4.f YARQ iza

R	 Parameter (S S ) of compound._Solubility

R	 Boiling Point	 (T1i ) of compound.	 W

Rd : Vapor Pressure (P) of compound.

R : 0, solubility of compound . ^^

R	 Heat of Vaporization	 of compound.

RL Entropy of Vaporization (AS,,) of compound.
-

R,: Partial Molar Volume of 02 ('7 ) in compound.

--iv-Not used.
R : Malt Fraction (x) of 0, in liquid.

R	 -. Not used

R

RJ: Not used

Rd: Working Re ister

R : _ Working Rejister

r

(2

MI.

l ;wr 1 n-m ruro kN»

PHYSICAL PROPERTIES-CHEMICAL STRUCTURE

1. %Ev ,V IM	 hl	 M Tb	 Is	 P	 = 02 solub^



11n*(ram 1.1min,4 I
STEP KEY ENTRY KEY coca	 COMMENTS	 STEP KIV BUTRIF KEV cruse MMUSUfm

__An I

002
*LALA
ST+9 AS-NIA-09—

Calculates Uv .

Calculates V V

057 1	 7
AqA 4,

nQ1 R-1 -11 _as&_
(10A -q ZtA i%-%s na ofin 1 01
nns grig Ifi no 061 4 04
onf, I	 PRTY -14 Q62 4 04
LIQ 7 RTQT 35 46 ofil 9 08
(30A gry A 16 on 064 + -24
nno PkTx - I /A A& .1 n2

010 --SZOA— 35	 11 r1AA 7 jn7

nil -qpr IA-11 rA 7 A nA
012 RT M 069 -62
013 *LALB

24^

21 12 ofi9 1 01
014 ACLA 36 11

Calculates	 6 V

0 70 5 05
il l s Art. r n7i
A16 + -2& Q72 S 

54 n7,A -PRTX
n1A I	 "ZTEIR lei 12 A" RTN 7/A

-ai g PRT-V -1 A Q7% *LRLD 11	 1&

Calculates P.

RTN 24 076 RrLn I& An
nt r —	 71 1 1

Calculates Tb*

Q77 I t3l

022 RCLA -1-6 U WR A?
n?1 5 rl r, -Q70 '62
A II L• Q na 090 1	 2 02

L 02S n2 081 A 04
fl ll fi -A 11 0132 9 09
027 U U 1 7 Q 7

02S _ 2 02 084 F14T •
n? q A () A 11AS 5
030 + -As C)Afi Q
fill —SToo is nn

-22
AR7 n)

032 CHS j" -J i
033 5 05 --WL9— n -,
014 3 01 n9n

7 0L
09

- is
(192 1	 y -35

Q 17 + 0141

038 -b2
019 02

11411) OR Lit,

041 (39 f3h
[Iu,ft 0h flag 5 Liq

04 1 -Is LIQQ I Aq	 I
(1,1L CLIs I oo

im yx
Ag in7 n?

04Z 4 04 Ini 9 ng

0.19 lA IQ5
050 01 10h
051 + m	 I

(31 p 35 1^
n- PATX

(1 55 HTm

L) sh * 1 R1 p i s
REGISTERS

SO S, 52 83 SS st; f

A
Tboc

P torr CM3 0 , 1 1LIG ml

I-S



11nigrnm Liming 11
rer^ rrr S"Tmv r2  Pnfft	 P/Sh"Yri	 KTS} KKY srTt1Y KKY C45M	 CCaYYlMTS

ll3 RCLO 36 00

Calculates 02
solubility.

1159^ 1112

—.LLk— 62 —J.M— 0A

116 11A 172 CT—Q AlIZAS-0—

11 8
5

--+—

12 1
1

35 01 177 0 on

y —

126 GTOI 91) M x

y

113 x -3-5 1

191 x -35
192 RCLI 36 46

117 a 14 + -24
138 5 05 194 STOE 35 15
139 CHS -22 195 PRIX -14

9TQZ__ 15 02 7
1 117	 n9 191 ZUG 16-13

CAL? Igo RTN
200 •

1 45 RCLI 36 4 1 Is ni
+ -, y 2

1 2 03 3 03
148 1 01 204 4

14 9 + ' -62
_ 1,

1

,n7-

+ -2- 109 0 00
00

' -62
212 1 01

-45 11A qM7 ls	 1
1 17 rTnl 7

1h 2l RCL2 36 02 ' *LALQ 21 00 Clears registers
artd stack.Ifil - ' -

11

f n, i11
7

1hA. 04'1 11, qTm 1

LABELS FLAGS SET STATUS

'.%E	 V
9	 R C	

T 'C P torr 01 so'4 0 CLR Res . FLAGS	 TRIG	 DISP
a d c O f + ON OFF

0	 ^	 is
+	 Z:	 iv

2^ O
A

DEG	 I
GRAD

RAD

FIX	 -
SG --

ENG1'
"

T

a a 3
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APPENDIX K

A surface energy analysis of bioadhesion*

D. N. UsIble
Semmor Clamor, Rockv*1 lnrerrfattonaf, Mousan * 008. Ca 9?XO. USA
and Jovann Mo>tcantin
Jet PrpiuWan Laborswry, Califmoii Itt ritute of Technology, Calilornie, USA
(Received X Ocrolser 1976., revised 14 December 19761

This report applies recently developed surface energy and fracture mechar., relations to the
analysis of bioadhesion and biocompatibiaity. The dispersion a and pti)ar d components of 190
biological and implant surfaces are analysed. The surface energetics relations between bioadhesion
and biocompatibility point out that a strongly adsorbed plasma protein film on the implant surface
provides the best blood compatibility and low Mrombogenic effects. The surface energy , relations
provide means of selecting optimum implant outface properties and mapping on surface energy dia.
grans the three phase interactions which define bioadhesion.

INTRODUCTION

A number of literature reports document the general progress
in development of biomaterials and surface treatments de•
sighed for application in 	 devices'-'. The
interfacial interaction of biopolymers with blood remains
u one of the central problems in establishing biocompatibi-
lity of cardiovascular devices". The exposure of blood to a
foreign surface produces a complex set of concurrent and
sequential events which appear to correlate with the disper-
sion (Londond) and polar (Keewmp) components of
surface tension for the implant material. Baler and co.
workers' -1 have reported detailed studies of contact angle
measurements of well characterized hiquids on biopolyrter
surfaces. Them measurements and surface energetics analy
sis follow the methodology and definitions of critical surface
tension 7e for wetting of a solid substrate developed by
Zismm and coworkers".

More recently. Nydu and coworkart'e. have demonstrated
that the wettabitity data of Saief and coworkers can be
utilized in defining the dispersion and polar components
of slid surface tension for candidate implant surfaces. This
report of Nydu and coworkers also describes new semi•
quantitative relation between blood flow, implant surface
energetics, and thrombosis. The analysis utilized by Nydas
and coworkers to "ate the dispersion and polar properties
of implant surfaces follows defitutions and calculations
developed and extensively applied by Kaelble and cowor-
ken' i'u. The surface energetics analysis of Kselble and co.
workers has recently been extended"• to define the relations
between surface energetics and the Griffith fracture mecha-
nics criteria for spontaneous interface bonding and debold•
ing under cornottions of combined liquid immersion and
added mechanical stress.

This paper discusses the milts of applying the new sur-
face energetics cntenon of bonding and debonding for im•
proving the quantitative definition of bioadhesion and to
clarify the relationship between bioadhesion and biocom-

• Presented at the First Clevelsnd Symposium on Macromolecules,
Structure and Properties of Btopolyrtters. Care Western Reserve
University. Cleveland, Ohio, USA. October 1476.

patibnlity. Them new surface energy relations now permit
mapping the zones of bonding, termed wettabitity envelopes
on surface energy diagrams of dispersion a versus polar ai
components .if surface energy. Them surface energy a retort
A diagrams permit graphic presentation of the surface pro-
perties and zones of bonding and debonding for the three
phases which constitute the interfacial boundary in the bio-
compatibility analysts.

SURFACE ENERGY ANALYSIS

The general concept for regular adsorption bonding of inter
faces utilized in this discussion is summarized in follow-
ing relation for interfacial tension":

711-(4, -a!)2 +(A,- d!)2+Jy	 (1)

where the parometen are defined in Tebir 1 and subscripts
denote interactions from phase i and 1. Interfaces dominated
by Van der Wait's interactions are termed regular interfaces

roots t surlKe eMfaet.Ca Waaorri

71V' %V • -Y& . °I • JL	 acs'

We - 1t.V (1 +cael i 21LV	 (e)

fv, - 2(400; • 0LJ$1	 ad)

w,
• es + Jswoi.)	 plea

24L

We at • JL adstaS a	 eta
US

"WW" %V - IWU-d-vapour tenaon. 1SV • Wed-vapour surface
tendsion: a11 JL - -Were toot of the •e$Wtwe (LandonI diaper OA

1LY and tKeesennl pair J& won Of L V. aSJS - Square too" of
reepeCtwe diswrsian 1j and pear 15Y , We - na	 ornnal wk of a&
heuon. d • I,Qwd-so.d contact angle
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SutfIece 4vte w "Psis of bidadhuron: D. tf. Kaotbtr and isivan 4becena!

Taaae 2 frartwe rliaerw to roaho"

2E v 1 2E t T 

4C j k) - (2t 	
ul - !ale) a o	 et

173 ` dl +►^	 m)

tt^-0=2Stto t =sel l +i,1 i -ais) l 1	 te)

a: • ter- Ni l • Wt - ril l 	 to)

M • 0540 1 • AS)	 #s

9-0.610 t •ys)	 its

*ev* Ye' CnICS stack proonvoon 61"ll; V + (kNith WtiaH
oftm for trallum; E 1 Yoval's ff"O",, e - crack ~: at. A •
%Nfap prowun a1 odheIr" Sink) platy 1:43.03 • Surface prep-
tat of eftwromwt pray 2: os,es , Wnata wope"m or adherw4
prate 3

and the values of the excess A# of equatias ( 1) which
describes intetdiffu" or ionic-covalent interactions can
be considered teplilible. This is a much mac pnefal cam
than on milt expect aril permits application of surface
energy analysis to a w ide rersp of materials. When Aq a 0.
equation ( 1) defioss an At 'd inwar3x with -fit  - oar tin:
special case where eq n at and, r & 4.

3Ae special corribin atiom of surface energy and fracture
mechanics isnanxters which enter to modified Griffith re•
lation are defined in Tebk 2 ad show that to Griffith feu-
cure eltergy 7G is dtflned by the following relation:

7G - S2 R2 - Ri	 (2)

A circular parabola in 7G, $2, 02 Cartesian spot is defined
by tquatiat (2). Thu surface wangles 02 VA 02 for the
unnurlon phut 2 which provide die CO" 6001 R <Ro pros
video that the wtvadift eoofflcient S2 for phrase 2 is positive
with S2 > 0. The predicted consequence for S2 > 0 is that
phase : should	 sssoushy deboad phase h from phase 3
in the absence of rie 	 cal restraints. whes R < RQ the
Griffith fracture enugy becomes positive and a critical
mechanical stress or +which depends on VG (^ Tebk.') is
now required for crack extension.

The rehations of Teabk I and TaNk 2 form Use basis for
dewed eliperiments which isolate the distaste mschardams
of polar mW dispasiou interacts scrose letedeu. The
test liquids of Tebk .I display a wide reaps of polar dwac-
ter is surface teion with 01lsq a 133 for water to Orle, •
0 for liner hydrocarbons. Inspection of equation (e) in
Tolle I shows that uses= rtenui td value o(w ork o f adha
ska W, by contact a1* measurements for liquids of known
al 4nd 01 permits isolation of tht solicl-vapotif wtfact pro•
parties M and Or• As intercept of the plot of W41201 rusts
Oyiay isolates N as the intercept and 01 as the dope. An al•
terrutive method of computerized deteaninsat solutions
of equation (d) (Tabu t) hu been described and extensively
applied whichsolve Tor awarapd values of 7n • 7 0 and If,
their respective standard devistios s 64, 60, snob from
man valuasl'''s

In this study contact aa&k dots where 0 > 0 and W, < :7rr
published by ))air and cowerkefs' °' is combined with the
hied surface mama dots of Tebk l is the compuurtud
dstema imust calculations for y4.7j. 7ry and t 64, &P, and 6.
The surfaces energetics of 190 biological and implant surfaces
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were alwlysed and the results afmmarizad as values at a
(7tj) I, 2 asw n op 1x2 arai the percent standard devisti^
(a x I0017sv) of ysv ir: Tebk 4. The surfm number sequeria
of Tjb# 4 correlates with the appowarm of the oridisal
experimental data in the referenced literature to facilitate
ease of cross reference. The refernnce sticks and reports
covet in important ax year perioi of biorria ish develop•
merit and testing from 1970 throulb 1975.

Suture no. I and no, 2 of Tebk 4 represent impostor
bioloocal "dam and the diustrarive results of the surface
energy analysis are graphed in F*w I. mane Ib shorts
W wettebSity data for human fibrinope thin files an do-
And by equation (e) of Table I. The sow linear curve of
Foe ib graph; rise computer caiatlated avetape vales
7,d - 24.6 and -4 = 13.5 dynotern while the broken curves Miss
W standard deviatim 6 4 • s:0.7 and 6a n 30.9 dyne/cm. As
shown in fi^w /b the experimental values of W,12ar firm a

ssornreably +hear cum which conform well with use theory
of Tank I and the computer solutions.

The data poems and linen curves of ftw la show the
lupt uncertainty in at and of values for vein irmimal suria"
re. 2 of Tebk 4. RefemnS to the discus of &W er al'
it is P*km that this airfare is soft and defar. table. the
experiment complicated, additionally possible interdiffuslort
modules the contact able data for water asul Slyceral. As
shown in AjWV lo. this analysis permits isolation of a low
dispersion and h* polar surface wetly for the vein inthnal
surface. Considaft she it** hydrated eau of the van
lotbnal surface, it is to be expected that the vein surface
properties a a 4.42 (dyrWc m)1/2 awl 0 n 6.18 (dyne/cm)112
are closely similar to the surface renala proputies of water
where a n 4.67 (dyes/c m) 112 and 0 a 7.14 (dyne/an)1I2.

AvaOsbie literature references'-" describe flu surface
tension of blood 9las ma as equk"t to saline soltatim with
surface tit 7k• a 72 to 74 dynehon. which is assomially
equivalent to pure water with Tyr, • 72.8 dyne/cm. Further
studies may al1o1w that surfutans offsets of Mood plesms
constituents can produce var +able values of At with nearly
constant aim which At a 7.14 (dyne/cm) l/I represents a
maximums value. This result has 	 described by Kadbhe"
for aqueous deterpmt solutions above the critical micelle
concentration. Fat this discussion. the arface pr 	 tics of
pure wain with ar s 4 .67 end of a 7.14 (dynelcmj^are

TMN i !wrap Mnawn a onottaa of so" t ytu,da at 2rc

Tae

Test itlayid	 Itivow/mi at	 or	 MMrsnq

NlaNr as 447 7.14 1% 13
04~0 63.4 6.10 6.12 10
ftww4wude 56.2 1.21 4.37 t0
olsit "hill $4.0 6.20 3.94 10
Metwomm ed de 50.6 443 2.05 10
athvime atvem 46.3 5.41 4.36 13
s•Tegabrontaegana 4719 4.49 242 10
6r^ 441 1.66 3.0 10

TFICMvl rhwphe/r 409 6.21 1.31 13
1 •aaethvinapMholea 360 6.04 3.66 10
0.eveipaaraO 33-0 5.74 0 to
A-rteradscow 774 5.s4 0 13

raTevadesene 26.7 5.17 0 10
+aTrxdo- 266 1.06 0 10
o-oodecsne 25.4 5.04 0 10

t7taa^+e 739 4.61 0 10
n-Meatera 224 4.77 0 10
mQctane 214 447 0 10
* Meptane 20.3 461 0 10
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2	 14 TVeffawsolow1 TOMAC i sow nist11 ait+eent - 6tf4rt miptaMllsw 9.112 4.00 21.47
2	 IS 14 {Cory*i ~ oroloviu on 922 4.01 7.43
2	 is 04M diaeluryt 1140011 SHOWN 21 btfert inip►aeirKron SAO 9.1,9 7.27
2	 17 10 tow,v I at t gpppnMaon 4.03 9.117 9A9
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2	 4 140 wit"I stw tmp►Mwmom 4.94 4.79 9.19
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4	 9a UC tAvw 1110 11.39 2400 +.211
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9.99
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4	 97 UC S4nMMt 0076434N. as rasa@. tmeoM wit a o1 3.112 2.43
4	 N erM labol, 4111011 set 6.04 1.11 2.72
+	 N UC S4m44 "I'Su7M. tmteM a11e 6.30 2.11 30
a	 70 UC lomptt 9079r63.711. dull 0111 9-14 1.22 3.1111
4	 71 UC famcw OOTa O7M, arONA aM. Mwlr^t tvaN+ 5.03 2.30 i.at
4	 72 UC SamNt 907693-110. ameeNr adt 0.33 3.04 2.49
4	 73 UC fom100 W76 MM. duo 011 10 $4311 142 10.+3
4	 74 OC Swoo 11076934k. aneeM ** 6.70 t.M 4m
4	 76 UC Sawa 907043404, twit Cdr %.n 1.10 7.19
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Surfm* anergy enema of b4adhissim., D. M Kedbiir and lover Af llawmirf

0Reference	 n0.tce Surface idyrwlcm)a`t d	 1^yMtcm)

7	 161 AVCOTMANE Woat, outside wrface, a received 4.44 1 18 3.06
7	 152 AVCOT04ANE balloon, outside surface, after fatiew test 4.48 136 3.16
7	 153 Potyglyorle art from diel"rowetie acid, distilled WNW leach 6.38 5.05 2.59
7	 164 Po►y1L Narhine) art from OCA, as Prepared 4.67 7.06 1538
7	 1% Paiy(L-huts) film distilled wam leached 6.34 2110 7.16
7	 tip PolyiL aWim) film distilled water leached 5.85 3.14 2.46
7	 151 Clean titlen pate 4.46 1.33 61
7	 168 Teflon pure aster, 5 min contact humeri OHM 4.74 1.98 116
7	 1S9 FUWmated ppyaWlailia, Typo F film 3.65 1.68 2116
7	 1160 Fluorinated pofyeNa Tvpe CT film 3.45 0.95 1.34
7	 161	 - Carl adhesive treated poiyttyrerw 4.98 5.28 3.43
7	 162 folisi" Smuto 21, 30 at contact 0.2% fibrMogatt 6.66 2.92 2.49
7	 163 Podded Stoulal 21 owe ae received 4.86 1.36 3.47
7	 164 Grafted Hydr"M trontinuoushy hydrated S.81 3.86 10.91
7	 165 Grafted Hvdro9N air dried 6.25 3.44 1.64
7	 Ise L%Wk yeti pyroiyft carbon. bur temparmte Isotropic tLTi i 6.46 1.97 8.97
7	 167 Carbon emoted GE 6.75 2.42 6.66
7	 Ise Carton coated prism, 2 min contact with 011% fibrinopn 5.68 2.64 3.18
7	 1M Cabon coated prism. 30 see contact 112% fibrmogen S.38 3.61 1.61
7	 170 Carbon coated a w, 30 we contact 112% Hh.inopn 5.19 3.49 1.60
7	 171 Bioewr seanwtled posyotfw urethane autoclaved !09 2.20 2.78
7	 172 Clow CornM4 2X dispersion coated film 4.82 1.50 3.47
7	 173 Ethyl celluka per"vereoutyma iFFB) coating, as received 4.14 2.62 6.75
7	 174 EOO eNiulose PFB eoerim hydrated 4.35 2.13 1.65
7	 175 Air dried side FF9 coating exposed to fibnnapn sotution 5.08 3107 2.80
7	 176 Hydrated PF8 tau" exposed to fibnnogen solution 5.65 2.95 2.28
7	 177 Sample No. 1. Hydrated acrylanide waft IHAG) on SRI urethan 5,74 2.64 0.85
7	 178 Sample No. 3, MAO on SRI pWyurethase, fibrinogen exposed 5.73 3.67 5.S8
7	 179 Sample No. 6. HAG on SRI uretNnN preirradiaNd with UV 4.32 6.86 8.76
7	 160 Samoa No. 7, HAG with 0.25% wasuinker on SRI urtOw* S.39 3.96 13.29
7	 -	 181 Sample No. 8. HAG with O 2P v cc--Rhi#%hw on Srsl urethane, 5.33 1.95 0.96

f brinew exposed
7	 182 Sample No. 14, HAG with US croalink r on proofs sted SRS urethane 5.28 4.10 10.111
7	 183 puma nialogwh-acetyl"-mom cased s o cow 5.23 3.87 2.11
7	 184 Palytvbhvi acnite-2% metal tic acid) 80% Wftnw 11.-ka ed 5.74 2.35 3.62
7	 1185 Pblyeiectronyse 4ydropf after air drying 5.29 316 1.11
7	 186 Ion beam deposited (180) , I I	 film on GE, fibrinogen exposed 5.60 2.46 2.06
7	 187 160 eabon film on GE pram No. 49 6.06 1.97 4A3
7	 188 180 carbon film on GE prism No. 50 6.36 1.58 711
7	 16e 180 taboo film an GE prism No. 31 6.14 1.» 6.18
7	 190 180 carbon nth on Of prism No. 42 6.10 2.112 6.99

surface. This adsorbed plasma protein film should modify
the surface energy of the implant so as to lower its inter-
facial tension to blood plasma. From equation (1) the
specific set of interfacial tensions between tke implant
(phase 3), blood plasma (phase 2) and adsorbed plasma
protein film (phase 1) are started as follows:

712 (41 - a2)2 + (01 - 02P	 (3)

713 - (at - OW + (01 - 03)'	 (4)

723' (02 - 03112 + 02 - PW	 (S)

For adsorbed plasma protein (phase 1) to spontaneously dis-
place blood plasma (phase 2) from the implant (phase 3) the
spreading coefficient S, for phase 1 must be positive. The
phase 1 spreading coefficient is defined as:

taken as the analogue for the surface properties of blood
plasma. This assumption sets forth the proposition that
protein molecular segments (phase 1) an competing with
the water molecules of blood plasma (phase 2) for banding
rites on the implant surface (phase 3).

The surface energy properties of fibrinogen, vein intima,
4- 	 can be graphically displayed on a surface energy diagram of

a views P as shown in Figure 1 This diagram also locate:
the surface tension properties of water (amblood plasma)
and graphically displays the doe relation between the vein
intima surface property and those of water. 6iserting the
appropriate values for a and 9 into equation ( 1) for All -
0 one calculates an interfacial tension -f# - 12.1 dyne/cm
between blood and fibrinogen as compared to a much lower
value of rte - 1.0 dyne/cm between the vein intims surface
and water. The vein surface thus provides a much closer
approach to an ideal interface where 7q - 0 than does the
fibrinogen film

Sl-723-713-712	 (6)
BIOADHESION AND H/OCOMPATIBIUTY

As shown in equrion (6), protein adsorption is favoured by
Substantial evidence s -e now shows that the first event that 	 large values of 723. ,\7 shown in equation (S) a large mis-
follows the exposure of blood to an implant material is the	 rematch in implant surface properties Q3,03 and blood plasma
adsorption of plasma borne protein which coven the implant 	 o2 vs 4 .67, 02 *s 7.14 (dyne/cm )i t2 is seen to increase 723
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and enhance protein adsorption.
The complementary proposit.lon in equation (fie) is that

minimum values of both 713 and yi; also favour protein
adsorption. Equation (3) shows that a minimum mismatch
in the surface properties t21 s a; and tit - j32 reduces i 12. A
unular minimization of 713 is obtained by achieving at `ea;
and 0 1 % 413 as shown in equation (4). The present analysts
of protein analogues, see surfaces no. 22--23 in Tabu a,
shows that the polar d part of surface energy is substantially
vaned by solvent-polymer interactions and resultant poly-
mer chain conformation. It is reasonable to presume that
plasma protein will be adsorbed on an implant surface with
chain conformations which tend to minimize both y12 and
-f13 by spontaneous adjustment of ai and 01 valises it the
protein film. W spontaneously minimizing yt2 and y•
the adsorbed plasma protein film evidently performs an im-
portant biological adaptation function.

The physiochemical description of the plasma d splace-
!nt and protein adsorption on the implant surface is analo-

gous to 'priming' as familiarly described in paint technology.
Attachment of platelets with formation of thrombus and
subsequent thrombus release to produce embolism appears
to be mediated by the protein prime layer. Clinical tests
of biocompatibility are briefly described in the Appendix
by two in vivo tests in common usage The vena cava test
developed by Gott and coworken l ^ 1• is limited to the
detection of thrombus The renal embolus test, developed
by Kusserow and coworkers' ' • detects bath thrombus
and embolism generated by thrombus release from the
implant surface. Recent studies by Baer and coworkers'
now reveal that implant surfaces with evident high thrombi

resistance in the vena cave test are shown to be thrombo-
genic in the renal embolus test what* inspection of the kid•
ney reveals extensive implant damage. The indications are
that the thrombus can form on the implant surface and can•
tinuously spill off to be rattled and ^ in the kidney,
the and result is a relatively thrombus free implant surface
that acts as a continuous embolus generator. Simple inspec.
tion of the implant surfaces at the site of implantation is
therefore not a sufficient test for biocompatibility.

A central issue in a revised definition of biocompatibdity
cat be related to the resistance to detachment of the plasma
protein film which'primas' and biologically modifies the
implant surface. The modified Griffith relations of Tebk 2
provide a quantitative means for evaluating the Griffith
energy yg required to detach the adsorbed protein film
(phase 1) from the implant (phase 3) in the presence of
blood plasma (phase 2) The studies summarized in Tabk E
include surface energy analysis of implant materials before
and after implantation. Surfaces no. 14-21 studied by
Belot and coworkers' furnish data for the calculations of the
Griffith surface energy jr, as summarized in Tebk 3.

The calculations in Table S show that the Griffith surface
energy yG and related o iticalmnech anical stress cc decrease
as the polar component 03 of the implant surface increases.
The clinical ratings of biocompatibility listed in the lower
portion of Table S show a direct comsation between in-
creased yG and improved blood compatibility. The results
of Table 3 can be mapped on surface energy rliagams of a
vent's A as shown in Figsfre A Fi,Zwr 3b for polished carbon
defines high fir with decreasing values of yG in clockwise
direction to show surface cleaned stellite :1 metal in the
lower right view as most highly thromboget ic. The surface
energy d iagrams of F*m 3 show the points H. K dented
in Tabk 2 as the origin of the R and Ro vectors which de-
fine the Griffith fracture energy:

yG i R 2 —RA	 (7)

as defined in Tabk The magnitude of Ro which subtracts

Water^t9iood

^ ^ 1
Yen anti" surface	 I

I
4

f*aar.01dynelc0a

FgWra 2 011W116n W and "W 101 turfaea propart," of t"oao•
real mataiaH
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CONCLUSION'S

1s a result of this study, some conclusions Concerning the
role of surface energetics In bitiadhesion Can he made as
follows

(AI Surface energy anal y sts Is successfulh applied to
detine the dispetsrtm tall and polar (oi l surface energies of
I Q0 hiologtMJl and Implant surtACrs

(H)	 These dispersion polar surface energies are Intro-
duced Into fracture mechanics relations for bioadhesion And
hlocumpatlhrhts,

(t')	 These Fracture mechanics calculations Indicate that
Mood cumpatibilnmy tit An Implant is enhanced bv sponta-
neous Absorption And Ntmng retention of A plasma protem
Will tin the Implant surface

(D) Bath dispersion -low polar surface energy for the
implant as evemplitied by low temperature isotropic (L M
Carbon with a > a 0 (dune cm) I =, and ^i G _' 0 (dyne crnil
provide surface energetics fastounng stable plasma protein
film retention

(E) Low dispersion - high polar surfaces, wpHied by
surtJCC treated Stelhte '.I with a	 0 idvne cml l =
a > i 0 (slvne Mil l provide surtace energetics, appear to
favour weals Adsorption and retention of the plasma protem
such that the implant rnJV Connnuausly generate and spill
tiff embaii Into the blood stream

i F) The present ana ► v sis can he extended to describe
the effects tit intertace roughness And interdttlusion which
represent donunant Considerations in nuvrotihre N.attold
NuitJteN, hvdrogel coatings, and biological mtamai surfaces
of the cardio, ascillJr S\Ntem

The extensive listing of surtace ener gies in rahle 4 Is in.
tended to he used in Conjunction with the referenced data
sources, The roam oblecnve in the discussion is to illustrate,
h\ examples, the usefulness of this surface energy analysis
Isee Figure 11 And the application of the anahsts of spon-
taneous honding and dehondmg (see : ;purrs ' and ,').
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APPENDI\

(71111cal nests for Inplarit 111,W ornpatrbditr

1't•na c'ata test. This tes, was developed by (Cott and co-
wor1kcrs r* ' ` Rings (length = 4 min, anti diameters o.d. =
S film and I.d, ' film) with streamlined edges to pre vent tur-
bulence are fabncated from the test matcnal or surface Coat-
ed with the test matcnal. implantation is made in the Inferior
Vella Cava of a 7 .' to I  d dg dci. The nngs are inserted with
a special device to Insure noncontact with the atnal wall or
contamination with tissue fluid dunng Implantation.

For acute studies (_' h) the chest remains open. At the
end of the two hour period the vena CA\a above and below
the ring Is doubl y Clamped and the nng Is quickly excised.
The Inside of the ring is examined within a minute. The ex•
tent and nature of the gross thrombus is recorded mnmedtateh'
tin a standard ring chart-

For chrome studies (2 weeks) the same Implantation tech-
niques are used after implantation, the chest is closed and
the Animal maintained two weeks before sacnlice. The
chest cavity Is quickl y opened. the nng excised and examined
for the extent and nature of thrombus and results recorded
on the standard nng chart. In addition, there Is a gross In-
spection of the lungs for any pulmonar\' pathology and pul-
nuinary embolae.

Renal emholus test. This test was developed by Kusserow
and coworkers""", A ring (length = 10 mm, and diameters
o d. = S.b nun And t d. _ ' min) Is implanted into the ah.
dommal Aorta of the test animal Immediatel y above the
origin renal arteries A Construction is made in Life aorta
slightly below the ongin of the renal arteries so that over 00`"r
of the blood flowing through the nng must pass through the
kidneys. After an implantation penod of three to five days
an Autopsy is perfortned. The extent of surface thrombus of
the ring is assessed by direct visual observation Firhalism
Is evaluated by direct visual and microscopic examination of
both kidneys. The kidneys serve as efficient biological ac-
CumulAtors for the embolic phenomena because the emboh
produce recognizable infarcts in these organs.
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